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(2)  Appendix  C,  page  7S  paragraph  2,  line  10,  add* 

"after  being  modified*  so  as  to  re*.d  -  •  «  •  "was  found  to  be 
accurate  after  being  modified  when"  •  *  « 
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(4)  Page  Bp  paragraph  1,  line  5,  adds 
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"and  modified"  so  as  to  read  »  •  •  , "developed  by  Pl&lr 
and  modified  is  used,  namly, a  •  #  • 


(5)  Page  8#  paragraph  1,  line  8,  change  to* 
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Figure  28*  At  the  large  values  of  vail  ratios,  curves 
range  from  sere  to  l/Z%  low  and  at  small  value  of  vail 

ratios,  curve  ranges  from  zero  to  5%  low©  - 
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TITLE 

f 

Progressive  Stress  Damage  and  Strength 


of  Centrlfugally  Cast,  Coldworked  Gun  Tubes 

t 

l 

*  OBJECT 

1.  To  determine  the  resistance  to  progresfive  stress  damage  of 
eentrifugally  cast,  coldworked,  production  gun  tubes  bv  evaluating  the 
effect  of  the  following  factors  upon  the  life  of  cannon  sections  when 
subjected  to  repeated  applications  of  high  hydraulic  oressurei 


a.  Yield  strength  before  coldwork  in  the  range  85,000  to  150,000  psi 

b.  Percent  of  coldwork  ranging  from  0  to  6.0 

c.  Wall  ratio  in  the  range  1.2  to  1.8 

d.  Rifling,  uaing  smooth  bore,  "Rib*  rifling  and  "French9  rifling 

e.  Proof-firing 


2.  To  determine  the  strength  of  such  »nnon  sections  which  had  various 
amounts  of  metal  removed  by  machining  from  the  outside  surface  after  coldwork¬ 
ing  and  rifling. 

3.  To  arrange  the  results  so  that  engineers  may  incorporate  progressive 
stress  damage  in  design  of  cannon  tubes, 

h,  To  determine  the  elastic  modulus  of  the  coldworked  metal. 


9.  To  evaluate  the  significance  of  the  crack  system  developed  in  the 
test  sections  by  the  hydraulic  fatigue  test. 

( _  <JT~-  -r~ — 


SUMMARY 


■  ^  i 


S'J 


Test  sections  were  s&CfciUaG  xro©  tjmm.  &nu  rosun.  gua  tuue»  which  W5rS 
eentrifugally  cast  and  coldworked  at  ^tertown  Arsenal.  These  sections 
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were  subjected  to  hydraulic  fatigue  teats  in  which  the  internal  pressure 
ranged  from  13,275  psi  to  6l,500  psi,  and  the  life  ranged  from  ^00  cycles 
to  20,000  cycles.  It  was  found  that,  ~> 

.  '  «  .x,  *  *  •  •  '  ' 

1.  In  connection  with  resistance  to  progressive  stress  damage, 


r.  the  life  was  lineally  proportional  . j  the  vield  strength 
of  the  steel  as  measured  before  coldwork  in  the  range  tested  which  waa 
S5.000  to  150,000  psi, 

b.  coldworking  improved  the  resistance  to  progressive  stress 
damage  as  compared  with  noncoldworked  gun  tubes;  the  minimum  improvement 
was  at  least  35  percent  in  the  worst  case  of  high  strength  steel  which  was 
coldworked  an  insufficient  amount  to  cause  yielding  throughout  the  wall 
thickness;  coldworked  to  strength  centrifugal  castings  were  consistently 
superior  to  heat-treated-to-strength  forgings  in  resistance  to  progressive 
stress  damage. 


c.  as  the  wall  ratio  increased  the  equivalent  uniaxial  stress  was 
decreased  for  the  same  internal  pressure  and  life  was  improved;  the  "maximTim 
stress"  criterion  for  calculating  the  equivalent  uniaxial  stress  gave  the 
least  dispersion  in  the  data. 


d.  when  compared  with  smooth  bore  tubes  the  life  concentration 
factor  due  to  "French"  rifling  in  these  coldworked  tubes  was  found  to  be 
1  (no  concentration  effect)  and  that  due  to  "Rib"  rifling  was  found  to  be 
2,  these  factors  being  approximately  half  those  observed  in  heat- treated- to 
strength  tubes. 


e.  Proof-firing  did  not  measurably  affect,  the  performance  of  test 
cylinders  in  the  hydraulic  fatigue  tests.  However,  a  single  cycle  of  high 
pressure  was  found  to  be  beneficial,  although  the  degree  of  improvement  was 
alight  and  masked  by  the  scatter  in  the  data.,  The  cracks  which  form  during 
proof-firing  had  no  marked  deleterious  effect. 

2.  In  connection  with  strength  of  cannon  sections,  the  strength  of  ^ 
coldworked- to- strength  sections  was  consistently  materially  superior  to  \1/ 
that  of  heat-treated-to-strength  sections  when  made  of  steel  of  the  same 
strength;  when  sections  of  equal  dimensions  were  compared,  the  strength 
of  those  requiring  extensive  removal  of  metal  from  the  outside  of  the  cold¬ 
worked  tube  tended  to  be  less  than  the  strength  of  the  sections  requiring  little 
metal  to  be  removed,  although  the  effect  was  slight  and  nonuniform;  the  maximum 
observed  range  in  strength  data  was  16$  which  is  a  reasonably  small  variation 
for  tubes  which  are  representative  of  wartime  production  involving  not  only 
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j«ll-e®tablished  products,  'but  also  very  new  products;  in  the  case  ©f 
well-established  products,  the  strength  was  iound  t®  range  from  high 

to  4.4$  low  of  the  expected  strength  baaed  on  theory  for  coldworking  tubes 
made  of  steel  which  does  not  strain  harden;  in  the  case  of  new  products 
the  strength  was  as  much  as  10$  lower  than  expected  when  the  tube  had  no 
recorded  hietory  and  4$  lower  than  expected  when  the  recorded  history 
revealed  that  the  tub*  had  been  coldworked  by  an  amount  insufficient  to 
cauee  yielding  throughout  the  cross-section,  and  as  much  as  4$  high  when 
the  recorded  history  revealed  no  questionable  processing;  about  77$  the 
data  were  above  the  expected  strength  based  on  theory;  the  strength  of  the 
sections  was  found  to  be  20$  less  than  that  indicated  by  the  so-called  6$ 
coldwork  curve  used  in  design.  Shis  .being  a  serious  discrepancy. 

v  ^  V  O-  v' 

3*  There  are  given,  for  use  by  engineers,  not  only  curves  suitable 
for  design  showing  the  normal  life  to  be  expected  of  celdworkedU.to-*trongth 
cylinders  which  are  made  of  steel  of  any  yield  strength  up  to  150,000  pel 
and  which  have  either  no  rifling,  "Trench"  rifling,  or  *Eib"  rifling,  but 
also,  examples  on  the  use  of  such  curves. 

4.  In  connection  with  the  elastic  modulus,  there  was  found  during  strength 
determinations  no  measurable  evidence  of  frictional  end  restraint  at  packings  or 
other  effects  which  might  indicate  an  apparent  modulus  of  elasticity  of  steel 
different  from  the  nominal  value  of  p*i> 


5.  In  connection  with  the  crack  system,  considerable  scatter  was  observed 
in  the  data  pertaining  to  the  depth  to  which  the  crack-  could  propagate  before 
failure  in  shear  occurred,  but  a  conservative  estimate  could  be  made  of  this 
depth  by  a  formula  involving  tensile  strength  of  the  steel,  bore  diameter,  wall  ^ 
ratio  and  interm>l  pressure;  many  cracks  were  found  in  all  cylinders  but  failure- 
always  occurred  b>  one  crack  growing  faster  than  any  other**  audit  follows  that  .‘Uj 
if  any  field  tests  are  undertaken  to  locate  and  determine  the  depth  of  cracks  in  y*' 
cannon  in  order  to  evaluate  the  safety  of  the  weapon,  complete  coverage  of  the 
bore  must  be  mads  in  order  to  find  the  single  potentially  dangerous  deep  crack 
even  though  many  cracks  are  found  in  the  same  neighborhood;  the  major  crack  system 
was  associated  with  groove  fillets  from  where  the  cracks  initially  propagated  in  a 
direction  which  was  not  radial  as  in  heat- treated- to- strength  sections,  but  which 
was  at  an  angle  to  the  radius  line  and  sloping  under  the  grooves;  at  a  later  period 
la  the  propagation  of  the  crack  th©  direction  became  radial;  all  of  the  coldworked- 
to-etrength  section*  failed  with  evidence  of  ductility,  the  more  ductile  appearance 
at  failure  was  obtained  when  the  wall  ratio  tended  to  be  large,  the  internal  pressure 
low  and  when  the  steel  had  high  Impact  resistance. 


The  study  of  progressive  stress  damage  is  continuing  so  that  the  interpretation 
of  the  experimental  facts  may  be  changed  at  a  later  time,  il  .  . 


ArjrauvjMns 
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INTRODUCTION 


The  development  of  light  weight  gun  tubes  during  Woi*ld  Viar  II  resulted  in 
the  use  of  cannon  sensitive  to  progressive  stress  damage  .  Typical  examples 
are  the  76mm.  Ml  and  the  75“*®.  M5  guns.  The  latter  gun  is  withdrawn  from 
service  before  the  extent  of  erosion  has  ruined  the  ballistic  characteristics. 
In  contrast,  conventionally  designed  tubes  of  heavier  proportions  are  withdrawn 
from  service  because  of  erosion  . 


The  light  weight  gun  barrels  were  first  manufactured  from  heat-treated-to~ 
strength  tubes.  The  results  of  firing  tests  revealed  the  need  for  adding  tough¬ 
ness  tests  to  the  specif icat  .on3  for  the  steel.  In  the  coldwork  process  of 
manufacture  of  gun  tubes  the  strength  of  the  steel  which  is  required  is  leas  than 
that  used  in  the  heat-treated-to-atrength  manufacturing  process.  The  initial 
toughness  of  the  steel  is  therefore  potentially  higher  and,  in  addition,  compressive 
otresses  are  present  at  the  bora  surface.  Both  of  these  factors  should  contribute 
to  better  resistance  to  progressive  stress  damage. 

During  World  war  II  several  thousand  76mm.  M1A2  tubes  were  oroduced  from 
centrifugally  cast  steel  tub<»s  which  were  heat-treated  such  that  the  steel  had 
an  actual  yield  strength  of  approximately  85,000  psi.  The  tubes  were  then  cold- 
worked  6  percent  to  strength.  As  far  as  is  known  none  failed  from  progressive 
stress-damage. 


The  75®®-  aircraft  cannon  are  more  highly  stressed  than  the  76mm.  cannon. 

The  centrifugally  cast  tubes  produced  at  Watertown  Arsenal  for  this  gun  were 
initially  he&t-treatgd-to-strength.  Toward  the  end  of  the  war  a  production 
experimental  prograio  was  Initiated  at  the  Arsenal  in  the  first  oart  of  which  a 
group  of  ten  75®®.  aircmft  cannon  tubes  were  orepared  as  an  experimental  order. 

All  were  centrifugally  cast  as.1  then  were  subdivided  into  four  groups.  The  tube# 
were  heat-treated  such  that  the  steel  of  three  tubes  in  one  sroup  bad  a  yield 
strength  of  approximately  100,000  psi;  the  steel  of  three  tubos  in  the  second 
group  had  a  yield  strength  around  125,000  osl;  and  the  steel  of  three  tubes  in- 
the  third  group  had  a  yield  strength  of  about  150,000  psi.  These  were  then 
coldworked  approximately  2$  and  then  were  finished  into  75mm.  rifled  tubes. 

The  tenth  tube  which  formed  the  fourth  group  was  heat-treated-to-strength;  the 
steel  had  a  yield  strength  of  approximately  150,000  psi.  On  the  basis  of  initial"?  ? 
(  testa,  centrifugally  cast  high  strength  coldworked  tubes  were  produced  in  ouantityj  * 
h(j_  / 'vtAlav'tj. 

repo rtyArtes the  results  of  the  hvdraulic  fatigue  tests  of  centrifu- 
gally  cast  coldworked  75  and  76am.  gun  tubes  made  of  steel 


1.  "Progressive  Stress  Ikmage"  :  P.  H.  Kosting  -  Surfade  Stressing  of  Metals,  " 

Chapter  V,  A.S.M. ,  1946,  Cleveland,  Ohio  and  WAL  Report  731/170,  21  August  19***>. 

2.  "Evaluation  of  Erosion  and  Damage  in  Cannon  Bores" 5  TB9-1860-2,  29  November  19^5*  7 

,  3>  Specification  57-10bA  -  "Steel  Forgings  for  Cannon  Tubes",  1  January  1945.  ' 

{  4.  Memorandum  to  Production  Manager  at  Whtertown  Arsenal  from  Capt.  B.  H.  Newball, 

30  October  1944,  in  connection  with  Exorder  0-2164,  g  July  1944,  covering  coat 

of  manufacture  of  experimental  gun  tubes  75®®..  M5A2. 
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*fre‘"pravloiULJ3a^  .  In  order  to  obtain  data  which 

the  engineer  could  use  in  designing5  for  resistance  to  progressive  stress 
damage,  test  cylinders  with  wall  ratio  ranging  from  1.2  to  1.8  were  used.  In 
the  preparation  o£  the  test  cylinders  considerable  metal  was  removed  from  the 
outside  surface  of  the  coldworked  rifled  tube.  The  yield  strength  pee  saw  of 
some  of  these  test  cylinders  was  therefore  measured  in  order  to  determine  the 
influence  of  the  removal  of  the  coldworked  metal  upon  strength.  The  slope  of 
the  elastic  expansion  curve  of  the  cylinders  was  also  calculated  and  compared 
with  the  theoretical  nn»  based  on  30,000, 000  pai  as  being  the  value  for 
Toung's  modulus. 

The  resistance  to  progressive  stress  damage  of  the  coldworked  tubes  was 
compared  with  that  of  heat-trea ted-to-strength  centrifugal  castings  and  forgings 
in  order  to  evaluate  the  benefit  of  coldworking. ^ 

TEST  PROCEDUrI 


A.  Yield  Strength  Pressure  Determination 

In  many  instances,  prior  to  the  application  of  reneated  loads,  the  yield 
strength  pressure  of  the  tube  section  was  determined.  The  pressure  was  applied 
in  small  increments  and  the  strain  on  the  outside  of  the  section  waB  measured 
with  Baldwin- Southwark  SR-U  strain  gages  and  a  strain  indicator.  This  technique 
involves  the  determination  of  yielding  at  the  bore  interface  in  a  "reflected" 
measurement  on  the  outside  surface. 

When  the  metal  at  the  bore  interface  has  Just  reached  the  yield  point,  a  very 
small  amount  of  plastic  deformation  has  occurred  at  the  bore  interface,  but  the 
rsme ining  section  is  still  an  elastic  body.  The  ratio  of  strain  on  the  outside 
to  that  on  the  inside,  for  all  practical  purposes,  still  follows  Hooke's  law  for 
elastic  deformations.  The  evaluation  of  fielding  at  the  bore  was  based  on  this 
concept.  Since  the  yield  strength  of  the  steel,  as  determined  by  the  tensile  test, 
was  obtained  at  .01$  offset,  the  vield  at  the  bore  of  the  cylinder  was  determined 
at  .01$  offset  also.  At  t^ie  bore  .01$  offset  is  100  millionths  of  an  inch  per 

inch  offsets  from  the  Lame  strain  equations  applicable  to  elastic  thick  hollow 
smooth  bore®  cylinders  without  end  restraint,  the  following  relation  was 
derived  for  e0  (0.01),  the  offset  on  the  outside  equivalent  to  .01*t  offset  at 
the  bore,  02 

«o  (o.oi)=  or  *  off8et  on  °-D-  (°-°i)=  77T 1 . 3*2 

in  which  w  =  wall  ratio  =  O.D./I.P.**.  Poisson's  ratio  was  used  as  0.3. 

Fig.  1  is  a  graph  showing  the  percent  offset  on  the  outside  diameter  equivalent  to 

5.  Up  to  the  start  of  World  War  II  cannon  were  designed  on  the  basis  of 
strength  only. 

b.  V&tertown  Arsenal  Gun  Division  Report  WGD-bj  "Selected  Design  Data  Pertaining 
to  Gun  Tubes  and  Hiafr  Pressure  Vessels"  •*  By  D.  H.  Nevhall,  6  December  19^3- 
**  0 , D,  =  Outside  Diameter;  I.D,  =  Inside  Diameter 
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.01#  offset  on  the  inside  diameter  of  a  tube  section  as  a  function  of  wall  ratio. 

Fig.  2  Is  a  typical  illustration  of  a  yield  strength  determination  sometimes 
referred  to  as  elastic  strength.  Also  shown  is  the  calculation  of  the  slope 
of  the  curve  and  of  Young' s  Modulus  based  on  the  alooe  and  wall  ratio. 

B.  hydraulic  Fatigue  Test 

With  the  equipment  developed,  it  was  possible  to  introduce  repeatedly  hydraulic 
pressure  to  the  bore  of  cannon  sections  at  a  rate  of  approximately  six  cycles  per 
minute.  The  magnitude  of  the  pressure  was  similar  to  that  normally  used  in  guns, 
ranging  as  high  as  61.500  psi.  A  detailed  description  of  the  equipment  and  controls 
is  apoended  to  this  report*.  The  high  pressure  was  controlled  within  200  psi.  When 
the  pressure  was  fully  released,  the  residual  oressure  was  less  than  1000  psi. 
Electric  SRU  strain  gages  and  strain  measuring  and  recording  equipment  were  used 
to  determine  some  of  the  elastic  oroperties  of  the  tube  sections  during  the  test, 
the  strain  developed  on  the  outside  of  the  tube  sections  being  recorded  with  each 
cvcle  of  pressure.  Tvpical  extracts  from  the  continuous  records  for  Cvllnder  012 
are  shown  in  Fig.  3*  Cylinders  were  usually  tested  until  failure  occurred  at  which 
time  they  could  no  longer  hold  pressure  because  of  fissuring  or  rupturing.  In 
some  cases,  however,  specimens  were  removed  from  test  before  failure  because  of  one 
of  the  following  reasons  (l)  failure  was  imminent,  as  revealed  by  plastic  distortion 
occurring  on  the  outside  surface,  (2)  the  number  of  cvcleo  was  very  large  and  further 
test  to  failure  was  not  considered  necessary  at  the  time;  (3)  »  large  overshoot  of 
pressure  occurred  and  further  testing  was  stopped. 

C.  Specimens 

The  proportions  of  the  test  cylinders  were  selected  on  the  basis  of  the 
results  of  a  study'  of  the  extent  and  depth  of  progressive  stress  damage  cracks 
developed  in  a  rather  long  specimen.  The  minimum  length  of  cylinders  for  the 
caliber  sizes  75®®.  and  76mm.  was  Judged  to  be  12^".  A  detailed  drawing  of  the 
test  specimen  1s  shown  in  Fig.  l6  of  Appendix  A.  Gun  tubes  were  sectioned  and 
turned  to  the  desired  wall  ratio  which  was  based  on  groove  diameter.  Metal  was 
allocated  for  tensile  and  Charpy  impact  tests  of  the  steel  at  various  positions 
along  the  length  of  the  tube,  as  shown  in  a  typical  layout  of  the  gun  tubes  on 
Fig.  l6  of  Appendix  A.  In  this  figure  also  is  indicated  the  numbering  svstem; 
code  letters,  A,  B,  C,  etc.  were  used  to  identify  tubes  and  numerals  2,  3*  ^ .  «tc. 
to  identify  cylinders  from  these  tubes. 

D.  Progressive  Stress  Ihmage 

Progressive  stress  damage  was  evaluated  (l)  by  noting  the  number  of  cycles  to 
failure,  (2)  by  examination  of  the  fissure  and  fracture,  and  (3)  by  measuring  the 
depth  and  distribution  of  cracks.  For  the  letter  purpose  a  section  for  macroetching 


•  See  Appendix  A. 

7.  “Progressive  Stress  Damage  Through  Repeated  Applications  of  Ifrdraulic  Pressure"  '• 
J.  B.  Cohen,  WAL  Report  731/101,  2  Mav  19UU. 
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was  cut  in  the  zone  of  maximum  damage,  as  revealed  either  by  examination  of 
the  fracture  or  by  determining  where  bulging  wae  most  extensive.  The  change 
in  outside  diameter  was  used  as  a  measure  of  the  extent  of  bulging. 

X.  Test  Metal 


Cylinders  from  the  following  cannon  were  subjected  to  hydraulic  fatigue  teats. 

jk  1 .  Tour  76mm.  centrifugally  CAst,  coldworked-to-atrength  and  rifled 
x  tubes  A,  B,  C  and  D  of  which  B  and  C  were  proof-fired. 

2.  Three  75®®.  (anti-aircraft)  centrifugally  cast,  coldworked-to-strength 
and  rifled  Tubes  I,  F  and  G. 

3.  One  75®®-  (anti-aircraft)  centrifugally  cast  heat-treated-fco-strength 
and  rifled  tube  N. 

4.  One  76mm.  centrifugally  cast  and  coldworked-to-strength,  smooth 
bore  tube  I. 

‘j.  One  75®®-  centrifugally  cast  and  coldworked-to-strength,  smooth 
bore  tube  K. 


Details  concerning  the  metallurgical  history  and  physical  properties  of 
the  steel  of  each  tube  are  given  in  the  lata  Sheets  in  Appendix  B. 

Tubes  /. ,  B,  C,  D  and  I  were  all  manufactured  in  the  same  manner  with 
well-established  production  procedures  and  *ere  not  produced  under  special 
laboratory  control.  The  physical  properties  of  the  steels  were  approximately 
identiiotl  and  these  data  were  considered  comparable.  The  average  yield 
strength  (0.01^  offset)  of  the  steels  before  coldwork  was  87>155  P*i.  Tubes  B 
and  C  were  proof-fired;  the  other  tubes  were  not.  Tubes  A,  B,  C  and  D  were 
rifled  but  Tube  I  was  smooth  bore. 


In  contrast  to  these  tubes  of  steel  having  approximately  $1,000  psi  yield 
strength  before  coldwork,  other  tubes,  E,  F,  G,  K  and  N  were  made  of  steel 
with  different  yield  strength  levels.  The  yield  strength  before  coldwork  vers  t 


Tube  2  -  100,500  psi 

Tube  T  -  121,850  psi 

Tube  G  t  151,700  psi 
Tube  K  -  125,000  psi 

Tube  N  -  150,^00  psi 


They  differed  in  other  respects  also.  They  were  the  first  of  a  new  product 
processed  with  makeshift  containers,  etc.  The  E,  F  and  G  tubes  had  the 
"French"  form  of  rifling  (Dwg.  C7226E93)*  whereas  the  A,  B,  C  and  B  group  had 
the  conventional  rib  rifling  (Dwg,  15-0KD-2).  Tube  K  mb  smooth  bore.  The 
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A,  B,  C,  D  and  1  group  was  76mm,  in  caliber  (3.OC),  while  the  E,  F,  G,  T.  and  I 
group  consisted  of  75001.  tubes  (2. 95")  for  aircraft  cannon.  They  alto  differed 
in  the  amount  of  coldworking.  The  A,  B,  C,  D  and  I  group  was  processed  with 
the  conventional  6$  eoldwork,  while  the  X,  F  and  K  group  was  coldworked  nominally 
2%,  and  the  G  tube  was  coldworked  1.1$.  The  actual  percent  eoldwork  for  each 
tube  is  given  in  Appendix  B.  The  one  tube  "N*  was  not  coldworked  but  was  heat- 
treated-to -strength.  These  data  are  summarised  in  Table  I. 

RESULTS 


The  results  of  the  hydraulic  fatigue  test*  and  of  the  examination  of  the 
fracture  after  testing  are  given  in  Tables  II  and  III.  In  these  tables  are 
given  the  cylinder  number;  the  wall  ratio;  the  maximum  internal  oressure  which 
v«s  aoplied  during  the  determination  of  strength  urior  to  fatiguing;  the  yield 
strength  pressure,  also  referred  to  as  the  elastic  strength  oressure,  at  which 
the  offset  at  the  bore  was  0.01$;  the  internal  pressure  during  the  fatigue  test; 
the  equivalent  uniaxial  stress;  the  life  in  cycles  to  failure  by  fissuring  except 
as  indicated;  the  maximum  depth  of  remaining  cracks,  i.e.,  cracks  other  than  the 
one  which  oenetrated  the  full  wall  thickness;  the  bulge,  as  measured  by  the 
maximum  change  in  outside  diameter;  the  wall  thickness  of  the  tube  at  point  of 
failure,  the  wall  thickness  before  test  being  listed  in  Table  IV  of  Appendix  A; 
the  depths  from  bore  interface  to  base  of  Zone  1  in  the  fracture  where  the 
texture  was  fine.  Zone  2  where  the  direction  of  the  crack  started  to  change. 

Zone  3  where  the  change  in  direction  was  completed  and  the  direction  became 
radial,  Zone  where  failure  in  shear  occurred.  The  details  of  the  study  of 
the  fissure,  fractures  and  cracks  are  given  in  Appendix  C.  The  crack  study  of 
the  tubes  listed  in  Table  III  was  not  as  detailed  as  that  of  the  tubes  listed  in 
Tkble  II  and  therefore  depths  of  all  zones  are  not  tabulated. 


The  following  curves  were  derived  from  these  data; 

a.  Hydraulic  Fatigue  Test  Results  -  A,  B,  C,  D  Tubes  in  Terms  of 
Equivalent  Uniaxial  Stress,  as  Calculated  by, 

1.  Maximum  stress  description 

2.  Von  Mises  descriotion  -  Fig.  U 

b.  Relationship  Between  Equivalent  Uniaxial  Stress 
(Maximum  Stress  Description)  and  Number  of  Qycles  to 

Failure  in  Hydraulic  Fatigue  Tests  -  Fig.  5 

c.  Relationship  Between  Internal  Pressure  and  Cvcles  to 
Failure  as  Influenced  by  Wall  Ratio  and  Rifling  for  A,  B, 

C,  D  and  I  Tubes  -  Fig.  6 


d.  Relationship  Between  Internal  Pressure  and  Cvcles  to 
Failure  for  s,  F,  G  and  R  Tubes  (Mall  Ratio  -  I.57) 

10 


Fig.  7 


e.  Elastic  Strength  of  Cannon  Sections  After  Coldworking, 

Soaking  at  570°?  and  Machining,  Including  Rifling  for 
Tubes  A,  B,  C,  D  and  I  and  Heat-treated- to-Strength 

Tube  N  -  Fig.  S 

f.  Study  of  Elastic  Modulus  -  Fig.  9 


g.  Equivalent  Uniaxial  Stress  to  Cause  Failure  at  10,000 

Cycles  as  a  Function  of  Yield  Strength  of  Coldworked-to-  -  Fig.  10 
Strength  and  of  Heat-treated-to-Strength  Tubes 

h.  Equivalent  Uniaxial  Stress  to  Cause  Failure  at  10,000 

Cycles  as  a  Function  of  Yield  Strength  of  Coldworked- to- 
Strength  Tubes  -  Fig.  11 

i.  Influence  of  Yield  Strength  Before  Coldworking  (0.01J6 
offset)  on  the  Relationship  of  Equivalent  Uniaxial 
Stress  (Maximum  Stress  Description)  and  Cycles  to  Failure 
for. 


1.  Rib  rifling  -  Fig,  12 

2.  French  rifling  and  Smooth  bore  -  Fig.  13 

DISCUSSION 


Stress-Cycle  Curves 


The  presence  of  a  bi-axial  (combined)  stress  in  cannon  makes  it  necessary 
to  correlate  the  response  of  cannon  to  a  stress  system  in  terms  of  an 
equivalent  uniaxial  stress  since  by  far  most  physical  data  are  obtained  from 
tensile  test  specimens  nominally  under  a  uniaxial  stress  system.  The  various 
theories®  of  yielding  describe  combined  stresses  in  terras  of  an  equivalent 
uniaxial  stress.  The  most  usabls  description  of  the  equivalent  uniaxial 
stress  for  rupture  in  fatigue  is  the  one  which  will  yield  a  relation  in  the 
•tress  cycle  (S-N)  plane  which  is  lndeoendent  of  vail  ratio.  Five  conventional 
methods  of  combining  stresses  were  investigated.  They  were  maximum  shear, 
constant  energy  of  distortion,  strain  energy,  maximum  strain  and  maximum  stress. 
Typical  curves  for  (a)  maximum  stress  description  and  (b)  the  constant  energy 
of  distortion  (Ton  Mises)  description  are  shown  in  Fig.  b.  It  was  found  that 
the  maximum  stress  theory  applied  to  these  data  resulted  in  the  least  amount  of 
scatter  in  the  S-N  plane  and  the  data  indicated  a  linear  relation  between  Log  S 
and  Log  N.  This  would  indicate  that  the  tangential  stress  component  of  the 
combined  stress  predominated  in  development  of  progressive  stress  damage  Sn  these 
specimens.  A  possible  explanation  for  this  may  be  found  in  the  relatively  small 
radial  stress  existing  due  to  the  proportions  of  the  cylinders  studied.  The 
cracks  originate  at  the  groove  fillets.  These  re-entrant  corners  are  unfavorably 
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oriented  In  the  applied  tension  field  and  made  the  tangential  stress  component 
predominate  still  more.  Once  a  fissure  is  developed  at  the  bore  interface, 
the  ratio  of  the  radial  stress  to  the  tangential  stress  at  the  bottom  of  the 
fissure  should  become  negligible, 

Fig.  5  shows  the  observed  data  in  terms  of  the  equivalent  uniaxial  stress 
calculated  by  the  maximum  stress  description.  The  derivation  of  formulae 
relating  the  various  theories  of  yielding  in  uncapped,  thick,  hollow  cylinders 
uses  the  term  "Pressure  Factor".  Pressure  factor  is  a  dimensionless  quantity 
and  is  the  ratio  of  internal  pressure  in  the  cylinder  at  which  yielding  occurs 
to  the  yield  strength  of  the  steel.  When  used  to  describe  an  equivalent  uni¬ 
axial  stress,  the  pressure  factor  may  be  regarded  as  the  ratio  of  internal 
pressure  to  the  equivalent  uniaxial  stress  caused  by  that  internal  pressure. 

While  the  number  of  observed  points  «si  few  in  the  case  of  the  X,  F,  G,  I 
and  IT  tubes,  as  compared  to  the  A,  B,  C  and  D  tubes,  there  are  many  similarities 
in  the  data  indicating  that  the  observations  are  reliable.  The  curves  for  the 
X,  F,  G,  I  and  X  tubes  in  the  S-N  plane  have  the  same  slope  as  the  A,  B,  C  and  D 
tubes,  hut  are  displaced  by  an  amount  dependent  uoon  rifling  and  the  yield  strength 
of  the  steel  before  coldwork.  Since  Tube  I  was  smooth  bore  and  had  no  stress 
raisers  due  to  rib  rifling  with  small  fillets,  the  cylinders  from  it /lasted 
longer  than  those  from  tubes  A,  B,  C  and  D.  The  ratio  of  the  life  of  smooth  bore 
cylinders  to  that  of  rib-rifled  cylinders  was  2.  This  compares  with  U.2  for 
heat-treated-to-strer.gth®  tubes.  The  performance  of  cylinders  from  Tube  I  was 
found  to  be  duplicated  by  cylinders  from  a  tube  of  similar  history  and  properties 
and  therefore  this  life  concentration  factor  of  2  for  rib  rifling  in  coldworked, 
centrifugally  cast  tubes  it  considered  to  be  reliable. 

The  smooth  bore  cylinders  from  Tube  X  of  intermediate  strength  had  the 
same  life  as  the  cylinders  having  French  rifling  with  generous  fillets.  The 
ratio  of  life  of  smooth  bore  to  that  of  French-rifled  cylinders  therefore  was  1, 
which  compares  with  2.^  for  heat-treated-to-strength  tubes8.  However,  in  the 
section  of  this  report  dealing  with  yield  strength,  it  is  shown  that  the  X10 
cylinder  from  the  X  tube  was  not  as  relatively  strong  as  the  cylinders  from  the 
other  coldworked  tube.  Therefore,  assuming  at  the  worst  that  the  whole  tube  was 
weaker  than  normal,  then  the  life  of  cylinders  from  the  tube  would  be  shorter 
than  normal.  The  estimated  corrsction  for  the  short  life  due  to  possible  low 
strength  is  20#  so  that  the  life  concentration  factor  for  French  rifling  in 
coldworked,  centrifugaliy  cast  tubes  may  be  between  1.0  and  1.2.  Since  the 
variation  from  nominal  strength  of  the  X  cylinder  was  10#  and  the  variation 
in  strength  of  the  cylinders  from  the  other  tubes  ranged  through  9*5#.  It  *ay 
be  that  this  concentration  factor  is  nearer  to  1.0,  as  observed,  than  to  1.2. 

The  factors  of  2  and  1  indicate  that  in  coldworked,  centrifugaliy  cast 
tubes  the  life  concentration  facto,  due  to  rifling  i*  about  one-half  of  the 
life  concentration  factor  due  to  rifling  in  heat-tree ted-to-strength  forged  tubes.  This 

».  “Preliminary  Investigation  of  the  Effect  of  Rifling,  Strength  of  Steel, 

Chromium  Plating  and  Nitriding  on  Progressive  Stress  Damage  of  75*®,  W5A1, 

M6  and  M10  Gun  Sections"?  P.  R.  Kostlng,  19Ug,  WAL  Report  No.  751/293. 
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benefit  maty  be  attributed  to  the  compressive  stresses  at  the  bore.  The 
extent  of  the  benefit  to  be  attributed  to  the  lack  of  directionality  of 
properties  in  castings,  as  compared  to  forgings,  is  under  study. 

The  slope  of  the  curves  for  coldworked  tubes  in  Fig.  5  is  considered  to  be 
reliable  for  the  range  in  life  that  was  investigated.  Involved  are  nine  heats 
of  induction  furnace  melted  steel.  The  slope  is  less  than  that  for  heat- 
treafced-to-strength  tubes.  This  was  also  found  to  be  true  for  forgings”. 

The  slope  of  the  S-N  curves  for  coldworked,  centrifugallv  cast  cylinder* 
is  -0.185*  The  curve  for  he&t-treated-to-strergth  centrifugally  cast  cylinders 
has  a  slope  of  -.281.  This  latter  is  very  clo je  to  -.27  as  previously 
reported  for  heat-treated- to-strength  forgings. 

There  are  rA t  instances  where  paired  cylinders  were  tested,  one  of 
the  pair  being  subjected  to  a  single  cycle  of  high  internal  pressure  and 
the  other  not  being  subjected  to  this  high  pressure  prior  to  test.  In 
all  cAses  the  former  had  a  longer  life  than  the  latter,  although  the  improve¬ 
ment  in  life  was  not  greater  than  the  general  scatter  in  all  the  data. 

It  was  not  possible  to  distinguish  between  performance  of  cylinders 
from  proof-fired  tubes  B  and  C  and  that  of  cylinders  from  nonproof-f ired 
tubes  A  and  B.  This  may  be  because  most  of  the  cylinders  from  the  A,  B,  C, 

B,  I  and  N  tubes  were  subjected  before  the  fatigue  teat  to  one  cycle  of 
higfr  pressure  during  the  determination  of  the  vield  pressure.  Such  a 
procedure  is  somewhat  similar  to  proof«*f irlng  during1  inspection  of  cannon. 

The  data  therefore  show  that  proof-firing  is  not  deleterious  to  resistance 
to  progressive  stress-damage  in  the  hydraulic  fatigue  test  and  suggest  that 
proof-firing  may  be  beneficial  in  that  it  might  improve  slightly  the 
resistance  to  progressive  stress  damage.  The  cracks  which  formed  during 
proof-firing  have  no  marked  deleterious  effect,  probably  because  of  the 
compressive  stress  system.  Study  is  under  way  to  evaluate  directly  the 
influence  of  heat  checking  such  as  is  encountered  during  proof-firing  and 
then  developed  further  during  the  initial  stages  of  field  service. 

The  Charpy  impact  resistance  indicate  that  the  steel  in  Tube  N  was 
not  as  well  quenched  out  prior  to  tempering  as  vets  the  steel  in  the  F,  F  and 
G  tubes,  otherwise  the  N  tube  was  comparable  to  the  5  tube,  especially  with 
regard  to  tensile  strength,  ductility  and  impact  resistance  after  coldwork. 

The  stress-cycle  curve  for  the  K  tube  is  shown  in  Fig.  5*  It  should  be 
pointed  out,  however,  that  this  curve  was  established  with  few  observed 
points  in  a  narrow  range  of  stress.  The  difference  in  life  between  N  and  G 
is  greater  than  can  be  accounted  for  bv  the  difference  in  vield  strength  of 
the  steels  in  the  condition  in  which  they  are  subjected  to  test.  The 
residual  stresses  due  to  coldworking  are,  therefore,  considered  to  be 

"Cannon  Tubes  -  Progressive  Stress  Carnage  In  -  Hydraulic  Fatigue  Test 
of  Forged,  Coldworked- to-Strength  QOtem.  Rifled  Tube  J  and  Forged,  Heat- 
treated-to-strength  90®°*  Bifled  Tubes  S  and  IF  ?  Robert  W.  Freeman  and 
Francis  W.  Cotter,  19^7,  WAC  Report  Wo.  731/199-200. 
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appreciably  beneficial  to  an  extent  that  is  at  least  35  percent  in  resist¬ 
ing  progressive  stress  damage.  Recent  experiments  in  progress  show  that 
without  the  complicating  factor  of  strengthening  of  the  steel  due  to  cold- 
work,  compressive  stresees  at  the  bore  improve  life  as  much  as  these  figures 
indicate. 

Pressure  Cvcle  Curves 


Tigs.  6  and  7  are  curves  derived  from  the  equivalent  uniaxial  stress 
cycle  relation  shown  in  Fig.  5*  Inasmuch  as  the  relationship  was  linear, 
the  conversion  of  the  data  to  the  pressure-cycle-wall  ratio  relationship 
was  readily  made.  If  Sn  is  the  equivalent  uniaxial  stress  (maximum  stress 
description)  to  cause  failure  at  a  particular  number  of  cycles,  then  the 
internal  pressure  "IP*  that  would  rupture  a  cylinder  with  a  wall  ratio  (W) 
in  the  same  number  of  cycles  would  be, 


IP 


Sn  w2“1 
Sn 


Thus,  when  Sn  equals  130,000  psi  for  the  A,  B,  C  and  D  tubes  for  a  cylinder 
having  a  wall  ratio  of  1.5*  the  internal  pressure  to  have  a  life  of  1,000 
cycles  would  be  IP  *  50,000  psi,  and  for  a  wall  ratio  of  1.2,  IP  =  23,^00  psi. 
Superimposed  on  these  curves  are  the  observed  points.  The  total  range  in 
cycles  for  life,  namely,  roughly  1,000  to  20,000,  is  rather  limited,  especially 
for  thin  tubes  and  should  be  extended  further. 


Yield  Strength  Pressure 

A  summation  of  the  data  concerning  the  yield  strength  pressure  of  the 
cylinders  is  shown  it  Fig.  8. 


Curve  B  is  the  theoretical  strength  ip  accordance  with  yielding  by  the 
Von  Mises'  concept  in  terms  of  pressure  factor  and  wall  ratio.  In  the 
derivation  of  this  curve  it  was  assumed  that  the  cylinders  were  free  to 
expand  or  contract  longitudinally.  This  curve  is  applicable  to  only  those 
tube®  which  have  not  been  overstrained;  that  is,  heat-treated- to-strength 
tubes  and  not  coldworked- to- strength  tubes.  There  is  an  apparent  agreement 
with  the  observed  points  from  the  "S"  tube  except  for  very  small  wall  ratios 
where  the  relative  error  in  all  measurements  of  both  pressure  and  strain  is 
greatest. 


From  the  theory  of  plasticity,  wherein  it  is  assumed  that  the  material 
in  the  cylinder  does  not  strain  harden,  a  mathematical  relation  for  the 
pressure  needed  to  place  the  metal  throughout  the  wall  into  the  plastic 
state  is  given''*®  by, 


2  In  V 
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10.  "Calculation  of  Pressure  Ixpansion  Curves  of  Circular  Cylinders" » 

R.  Beeuwkes,  Jr.  and  J.  H.  Laning,  Jr.,  WAL  Report  Bo.  730/111,  19UU. 
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when  the  Von  Mises*  concept  is  used  to  describe  initial  yielding,  where 
IP  »  internal  pressure  at  yielding;  Syp  »  yield  point  stress  (stress  at 
which  a  tensile  bar  of  this  hypothetical  material  would  change  abruptly 
from  the  elastic  to  plastic  state),  and  Ln  W  is  the  natural  logarithm  of 
the  wall  ratio.  Curve  A  in  Fig.  8  is  the  plot  of  this  equation,  ’’’he  observed 
yield  strength  pressure  for  the  cylinders  from  the  coldworked  tubes,  in  terms 
of  oreseure  factor,.  JP,  where  Sy(.Ol)  is  the  yield  strength  (0.01$ 

Sy(.Ol) 

offset)  of  the  steel,  are  also  shown.  This  curve  applies  for  values  of 
yield  strength  of  steel  before  coldworking  up  to  and  including  150,000  psi 
and  all  amounts  of  after  coldwork  machining  that  would  probably  be 
encountered,  providing  sufficient  coldworking  is  done  to  assure  plastic 
flow  throughout  the  wall.  The  range  in  scatter  of  test  results  was  about 
16$.  This  is  a  reasonably  small  variation  for  grin  tubeB  which  are  rep¬ 
resentative  of  wartime  production.  The  data  for  the  high  strength  tube  0 
were  below  the  curve  by  h  percent.  However,  this  tube  waB  coldworked  only 
1.1  percent.  Had  it  been  coldworked  2  percent  or  more  as  were  the  othertfN 
it  would  have  been  stronger.  The  data  for  the  1?  and  F  tubes  which  are  j  ' 

considered  normal  products  are  above  the  curve  by  as  much  as  percent. ^ 
These  data  also  reveal  that  coldworking  only  2$>  does  affect  the  strength  J 
of  the  tube  after  final  machining  disproving  belief  to  the  contrary^.  ' 


The  data  for  this  smooth  bore  tube  K  of  intermediate  strength  were 
10  percent  below  the  curve  for  which  no  reason  is  apparent  from  the  in¬ 
complete  historv  of  the  tube.  The  coldwork  record  of  the  tube  is  lost 
and  therefore  the  actual  percent  coldwork  is  not  now  known.  The  tensile 
strength  data  confirm  that  the  tube  was  coldworked  as  does  the  high  value 
of  the  calculated  pressure  factor  relative  to  that  expected  for  heat-<reated- 
to-strength  tubes.  However,  only  one  K  cvlinder  was  tested  for  strength. 

In  the  A,  B,  G  and  D  tubes,  representative  of  well-established  production 
practices,  at  wall  ratios  of  1.6  and  1.8,  the  range  in  data  was  5*1$  high 
and  U.h$  low.  This  indicates  that  the  scatter  ranged  through  9-5$  &nd 
that  strength  determinations  oi  several  cylinders  are  necessary  in  order 
to  determine  the  average  performance.  About  77$  of  the  data  pertaining 
to  curve  "A"  are  above  the  curve  and  only  16$  are  below  it,  Indicating 
that  this  curve  is  or  the  conservative  side.  The  old  equation”  used  in 
connection  with  the  coldwork  orocess  was, 

^  *Ln  W 

YS 

and  such  a  curve  would  be  very  conservative. 


The  6  percent  design  curve^  used  in  design*  is  roughly  20  percent 
higher  than  curve  A  in  fig.  8.  This  is  a  serious  discrepancy.  The 
machining  off  of  large  amounts  of  excess  metal  from  some  of  the  cylinders 


11.  "History  of  the  Production  of  Centrifugally  Cast  Gun  Tubes  with  High 

Impact  Resistance" J  John  F.  Wallace,  WAPD  Report  WDG-17,  17  October  19^6. 
•  See  also  "Data  for  Calculating  Pressure  for  Coldworking  Cylinders  6$"  in 
Watertown  Arsenal  Experimental  Report  #3&5.  T.  C.  Dickson,  1  February  1932. 
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did  not  affect  the  strength  enough  to  account  for  this  discrepancy.  The 
probable  explanation  is  the  high  sensitivity  of  the  strain  measuring 
equipment  compared  to  that  used  in  General  Dickson's  time.  This  would 
detect  yielding  at  lower  pressures.  Pressure  measuring  techniques  were 
also  better.  Furthermore,  the  data  might  indicate  that  (l)  no  strain 
hardening  of  the  steel  can  be  counted  on,  (2)  all  that  is  necessary  to 
obtain  strengthening  by  coldworking  is  to  be  sure  that  the  tube  is 
plastically  deformed  throughout  the  section,  and  (3)  further  coldworking 
adds  little  to  the  strength.  This  subject  is  to  be  studied  further. 

The  problem  of  design  of  coldworked  cannon  from  the  point  of  view  of 
strength  is  complicated  by  the  machining  after  coldworkinsr  and  the 
different  plastic  properties  (strain  hardening  characteristics)  of  steel 
at  different  yield  strength  levels.  The  machining  and  rifling  after  cold- 
working  alters  the  distribution  of  residual  stress  and  removes  the  most 
highly  overstrained  material.  In  conventionally  designed  cannon  tubes, 
where  a  relatively  large  factor  of  safety  is  used,  and  where  the  working 
stress  is  relatively  low,  a  small  error  in  estimating  the  strength  of  the 
tube  is  relatively  inconsequential.  In  the  future  the  margin  for  error 
will  get  less.  In  correlating  with  strength  the  amount  of  machining  on 
the  outside  surface  of  the  specimens  used  in  these  tests,  nonuniform 
behavior  was  observed,  although  the  trend  was  for  the  strength  to  be 
less  the  more  the  amount  of  machining  on  the  outside  surface.  In  two 
critical  experiments,  when  the  amounts  of  metal  removed  to  get  cylinders 
of  the  same  siie  wag  g.7  and  23. U  sq.in,  in  the  cross  section,  the 
lowering  of  strength  was  0  percent  in  one  of  the  experiments  and  3  percent 
in  the  other.  Far  greater  amounts  of  machining  after  coldwork  were  done  on 
these  specimens  than  normally  was  done  in  the  production  of  coldworked  tubes 
in  World  War  II. 

Elastic  Modulus 


I«  some  of  the  early  coldwork  development  reports  it  was  indicated 
that  the  modulus  of  elasticity  was  diminished  (as  much  as  JOt)  by  the 
coldworking.  There  was  also  the  possibility  that  the  assumption  of  no 
end  restraint  might  not  be  Justified  due  to  the  capping  effect  resulting 
from  the  friction  of  the  hydraulic  packings.  Any  change  in  modulus  or 
friction  effects  would ‘be  reflected  in  a  change  of  the  slope  of  the 
elastic  portion  of  the  pressure  expansion  curve,  as  in  Fig.  2.  In 
Fig.  9  1*  shown  the  theoretical  curve  for  uncapped  cylinders  using 
the  modulus  of  elasticity  as  3 0,000,000  psi  and  plotting  elastic  slope 
vs.  wall  ratio.  The  observed  slopes  are  shown  in  comparison.  It  would 
appear  there  was  no  change  in  aodulus  as  expected,  or  little,  if  any, 
effect  from  frictional  end  restraint.  It  is  to  be  noted  that  the  agree¬ 
ment  of  the  elastic  strength  of  the  heat- treated- to- strength  S  tube  with 
the  Von  Mises'  concept  further  indicates  that  the  end  restraint  due  to 
packings  is  negligible. 

Design  Curves  for  Coldworked  Cannon 

In  preparing  a  design  stress-life  curve  for  coldworked  cannon  it  was 
necessary  to  make  several  assumptions.  The  first  was  that  the  toughness 
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of  the  steel  a*  measured  by  impact  resistance  before  coldwork  would 
alv«ya  be  reasonably  good  and  there  would  be  no  reason  to  consider 
its  effect  on  life  of  the  coldwork  sections.  This  was  observed  to 
be  reasonable  on  inspection  of  the  test  results  of  the  A,  ?,  C  ar.d  D 
tubes  made  of  steel  which  varied  in  ChArpy  impact  resistance  at  room 
temperature  from  lo  to  75  ft-lbs.  The  spcond  assumption  was  that  2$ 
and  6$  coldwork  would  have  the  same  effect  on  fatigue  life.  It  was 
shown  earlier  in  this  reoort  that  sections  from  both  2$  and  6$  cold- 
worked  tubes  had  the  same  strength  relationship  and  thus  raieht  have 
the  same  life  relationship.  The  last  assumption  was  that  the  effect 
of  the  standard  rib  rifling  stress  concentration  and  the  "French" 
rifling  stress  concentration  combined  with  the  residual  stresses  at 
the  bore,  could  be  differentiated.  It  has  been  shown  that  the  life 
concentration  factors  due  to  these  stress  raisers  were  only  2  and  1  in 
the  coldworked,  centrifugally  cast  tubes. 


With  the  assumptions  given  it  was  possible  to  construct  curves 
showing  the  relationship  between  the  equivalent  uniaxial  stress 
(maximum  stress  theorv)  for  a  life  of  10,000  cvcles  and  yield  strength 
0.01$  offset  of  the  centrifugally  cast  steel  before  coldworking.  The 
curve  for  smooth  bore  tubes  (encircled  dots)  and  French  rifled  tubes 
(black  dots),  based  on  the  performance  of  Tubes  E,  F,  (?,  I  and  K  (marked 
"cc"  for  centrifugal  casting)  as  revealed  in  Fig.  5.  1®  shown  to 
the  top  of  Fig.  10.  The  curve  for  Rib  rifled  tubes  (triangles)  is  the 
lower  one  in  Fig.  10  and  is  shown  parallel  to  the  curve  for  French 
rifled  tubes.  The  reason  for  the  parallelism  is  based  on  the  data 
shown  in  Fig.  11,  where  the  two  curves  in  Fig.  10  apoear  toward  the 
top  under  the  heading  "coldworked  to  strength".  The  data®  for  heat-treated- 
to-«trength  tubes  T,  R,  M,  S,  U,  W  and  3*  all  made  from  forgings 
(marked  "f")  are  shown  to  the  bottom  right  under  "heat-treated-to- 
strength".  These  tubes  had  rib  rifling  (marked  with  triangles).  The 
scatter  in  the  data  is  appreciable  and  the  average  curve  is  considered 
to  be  the  middle  curve  of  the  three  toward  the  bottom  of  Fig.  11.  These 
curves  have  the  same  slope  as  the  coldworked-to-strengtb  curves. 

Among  the  curves  in  the  heat-treated-to-strength  section  is  one 
based  on  the  superior  behavior  of  Tube  "2"  made  from  a  forging  and 
rifled  with  French  rifling®.  The  forging  was  made  of  tough  steel  having 
an  impact  resistance  quite  superior  to  that  for  the  centrifugal  casting 
"F"  with  French  rifling.  This  superioritv  of  "2"  to  "TT"  in  resistance 
to  progressive  stress  damage  was  obtained  despite  the  possible 
advantage  of  the  casting  with  no  directional  variation  in  mechanical 
properties. 


%  contrast,  the  coldworked- to-strength  forging  "J",  although 
superior  In  resistance  to  hydraulic  fatigue  to  heat-treated-to-strength 


■r  ~  ~~ 


nw»  A  4*  a/  ■  f  «n1  f\  ^  ♦  Via  WO  alvtapaf  Vt  4  «  4  aw  ♦  a  a  a! 

i  «V.  v  V  we  u  vv  v  l  loa  w  vi  «  iib,  vi,  |  i.  *3  i  ua  \  k  ^  v  i  v  u  vvAuevi  »w  t-  ■ 


- O - O'  =*  '  -  n> 

to-strength,  centrifugal  castings  of  similar  toughness.  Since  it  is  known0 
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that  forging®  show  variations  in  resistance  to  fatigue  depending  upon 
directionality,  and  it  is  suspected  that  centrifugal  castings  do  not*, 
the  difference  between  the  curve  through  points  A,  B,  C,  D  and  the  curve 
through  point  J  is  mainly  attributed  to  the  difference  in  directionality 
of  properties  between  centrifugal  castings  and  forgings  of  equivalent 
heat- treatment. 

Based  on  Fig.  10,  the  curves  on  Fig.  12  for  centrifugally  cast  cold- 
worked-  to-strength  tubes  with  rib  rifling  and  the  curves  on  Fig.  13  for 
centrifugally  cast  coldworked- to-strength  tubes  with  French  rifling  or 
without  rifling  were  derived  showing  the  influence  of  yield  strength  of 
steel  before  coldworking  on  the  relationship  between  equivalent  uniaxial 
stress  and  cycles  to  failure. 

The  use  of  these  curves  in  design  is  illustrated  in  the  following 
three  examples,  where  the  symbols  used  are! 

Ln  =  logarithm  to  the  base  e  (natural  logarithm) 

W  =  wall  ratio 
x  «  multiply 
Y.S.  =  yield  strength 
BCW  =  before  coldwork 
psi  *  pounds  per  square  inch 
P  »  internal  pressure  or  maximum  powder  pressure 
P»  «  yield  strength  pressure 


•This  guastion  is  under  experimental  investigation. 


IS 


example  i 


Given i 

1.  Maximum  powder  pressure,  pieso-electric  =  ho, 000  psi 

2.  2$  or  more  coldworked 

3.  Yield  strength  before  coldwork  (BCW)  (.01$  offset)  =  120,000  psi 
U.  Factor  of  safety  (strength)  used  by  Ordnance  Dept.  =1.5 

5.  Desired  minimum  resistance  to  progressive  stress  damage  =  9500  cycles 

6.  Rib  rifling 

Find  wall  ratio  necessary. 


El&atic  Strength  Calculations  : 

From  Fig.  6,  the  yield  strength  pressure  of  any  given  section 
of  a  coldworked  tube  is  estimated  by. 

Yield  Strength  Pressure  *  —  Ln  WxY.S.  (BCW) 

Ln  W  *  yield  strength  pressure 
^  x  T.S.  (BCW) 

The  desired  yield  strength  pressure  =  ho.OOO  x  1.5  =  60,000  pel 

Ln  W  a  ..  foxPQO - -  ,U33  or  W  =  1.5^  minimum  wall  ratio  for  strength 

.^r-X  j. 20, 000 


Cycles  To  Failure  ?  (Equivalent  Uniaxial  Stress  Calculation) 

Equivalent  Uniaxial  Stress  =  P  ( — - )  s( UO, 000 )-J r 37, . .e98,500  psi 

W*^-l  1  •  37 


From  Fig.  12  the  life  at  equivalent  uniaxial  stress  of  98,500 
psi  is  approximately  9.700  cycles  which  satisfies  both  the  strength 
and  fatigue  requirements. 
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EXAMPLE  II 


Given  : 


1. 

2$  or  more  coldworked 

2. 

Yield  strength  before  coldworked 

(.01$  offset)  =  120,000  psi 

3. 

Factor  of  Safety  (strength)  used 

by  Ordnance  Dept.  =1.5 

u. 

Wall  Batio  =  1.6 

r 

Desired  life  =  15,000  cycles 

Rib  rifling 

Find  what  maximum  powder  pressure  the  gun  could  safety  withstand. 
Elastic  Strength  Calculations  : 

Yield  Strength  Pressure  =  (P0)=  *XY.S.  (BCW) 


P.  " 


Jr.(Ln  1.6)  (120.000) 


=  65,000  psi 

The  maximum  powder  pressure  «  — **3,300  psi 
Cycles  tc  Failure!  (Equivalent  Uniaxial  Stress  Calculation) 

Equivalent  Uniaxial  Stress  *  P  **3,300  99.000  psi 


From  Fig.  12,  the  life  at  equivalent  uniaxial  stress  of  99.000  psi  is 
9,500  cycles  which  dees  not  satisfy  the  life  requirement. 

The  equivalent  uniaxial  stress  (Fig.  12)  for  life  of  15,000 
cycles  is  91,000  psi. 

The  maximum  powder  pressure  for  this  equivalent  uniaxial  stress 
is  as  follows  • 

Equivalent  Uniaxial  Stress  *  P(^*^  ■  -)=  91,000  psi 

MT- 1 

P  =  (91,000)  (1a||— )«  39,800  pai 

This  pressure  would  satisfy  both  the  strength  and  fatigue  require¬ 
ments. 


SXAMPLX  III 


Given  s 


1.  Maximum  powder  pressure,  piezo-electric  =  bo, 000  psi 

2.  2$  or  more  coldworked 

3.  Factor  of  Safety  (strength)  used  by  Ordnance  Dept.  =1.5 

U.  *all  Ratio  =  1.6 

5.  Desired  life  =  15,000  cycles 

6.  (a)  Rib  rifling 
(b)  French  rifling 

Find  yield  strength  of  steel  before  coldwork  necessary. 

Cjycles  to  Failure  t  (Equivalent  Uniaxial  Stress  Calculations) 

Equivalent  Uniaxial  Stress  =  P  — )*  bO.OOO  91*250  psi 

From  Figs.  12  and  13  the  vield  strength  necessary  for  life  of  15,000  cycl 
at  the  equivalent  uniaxial  stress  of  91,250  psi  would  be  approximately  121,000 
psi  if  rib  rifling  is  used  and  96,000  if  French  rifling  is  used. 

Elastic  Strength  Calculations? 

Yield  Strength  Pressure  *  y  ■■  ^  (BOW)  *  1.5  (b0,000) 

T.S.  (BCV)  -  jl^Li.^OOPJ.  ('ft  ) 

Ln l.l  2 

«  110,000  psi 

(a)  To  meet  the  strength  requirements,  yield  strength  of  110,000  psi 
would  be  necessary.  The  life  expected  from  Fig.  12  would  be  approximately 
12,000  cycles  if  rib  rifling  is  used.  Therefore,  use  121,000  psi  yield 
strength  (BCW)  material  if  Rib  rifling  is  to  be  used. 

(b)  The  life  expected  from  Fig.  13  would  be  approximately  19,000 
cycle*.  Therefore,  use  110,000  psi  yield  strength  (BCW)  material  if 
French  rifling  is  to  be  used. 

ROTEs  Resistance  to  erosion  should  also  be  considered  in  choosing  between 
Rib  rifling  and  French  rifling. 


Crack  System 


The  detailed  study  of  the  crack  system  in  the  cylinders  after  test  is 
described  in  Appendix  C,  It  was  shown  that  Initially  the  cracks  tended  to 
grow  in  a  direction  that  sloped  under  the  gro<ves.  The  thinner  the  tube  or 
the  stronger  the  steel,  the  less  was  the  tendency  for  the  cracks  to  slope 
and’  r  +v  'ooves. 

failure  of  coldvorked  tubes  was  in  a  ductile  feshion.  The  nost  ductile 
failures  were  obtained  when  the  wall  ratio  tended  to  be  large,  the  internal 
pressure  low,  and  when  the  steel  had  high  impact  resistance. 

As  the  test  pressure  was  decreased  in  groups  of  cylinders  of  constant 
wall  ratio,  the  depth  of  crack  to  point  of  shear  prior  to  instant  of  failure 
increased  and  the  number  of  relatively  deeo  cracks  decreased,  and  the  maximum 
depth  of  cracks,  other  than  the  one  which  caused  failure,  decreased. 

failure  occurred  by  one  crack  growing  faster  than  any  other  and  penetrating 
the  wall  thickness  of  the  cylinder.  If  field  tests  are  developed  to  locate  and 
determine  the  depth  of  cracks  in  cannon  in  order  to  evaluate  the  safety  of  the 
weapon,  it  will  not  be  adequate  to  locate  a  group  of  cracks,  but  the  tingle 
potentially  dangerous  deep  crack  will  hare  to  be  found  by  a  complete  survey  of 
the  whole  bore  circumference. 

It  was  found  possible  to  calculate  reasonably  well  the  depth  to  which  the 
crack  can  grow  before  failure  in  shear  occurs. 
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TAB  LI!  I 

Su-Tueary  of  the  Charactcrletlce  of  the  Tubes 


Yield  Strength 
of  Steel  Before 

Col dvork( 0.01$ 

Average 

Percent 

Cal  lber 

Tub* 

off «et ) 

_ -Sil _ 

Cold  work 

Rifling 

In. 

A 

88,500 

6.0 

Rib 

3.00 

B 

69,250 

6.0 

Rib 

3.00  Proof-fired 

C 

8$, 000 

5.7 

Rib 

3.00  Proof-fired 

D 

85,880 

5.2 

Rib 

3.00 

E 

100,500 

2.1 

French 

2.95 

F 

121,850 

2.8 

French 

2.^5 

0 

151.700 

1.1 

French 

2.95 

I 

88,250 

6.0 

Fone 

3.00 

K 

125,000 

X 

Sone 

2.95 

H 

15°, 800 

0. 

French 

?.Q5 

x  ■  2$  nominal 


Heeulta  of  Hydraulic  Fhtigu**  ?e*i  «u»A  Sxaainfttion  After  Testing 
_ _ of  Qrllndere  ?r oa  Tubes.  A.  B.  C.  *nd  S 


Cylinder 

Euater 


WhU 
He  t  to 
O.D./I, 


Skxlaua 


'iydraul  Ic 
Fstigue 
Test,  pel 


.01$ 

offset  Test  •Equivalent 

fi«l4  Internal  Uniaxial 

Freeeure  Free sura  Stree* 

?•* _  nil  t»si 


Life 

cycles 


'“’’fcixlsraa 
Depth  of 

Hemp,  i  iv- 

ing 

CfPiClCR 

_ 


Bulge 
&  dlnaet 
la  eh 


C-10 

1.? 

18,000 

B-12 

1.? 

17,875 

A- 12 

1.2 

20,500 

C-ll 

1.2 

10,000 

C-12 

1.2 

18.275 

a-u 

1.3 

31,000 

1-2 

1.3 

28,  <000 

4-2 

1.3 

27.000 

1-11 

1.3 

27,000 

JU10 

1.6 

to ,000 

o-6 

1.6 

*6.750 

0-9 

1.6 

*6,500 

1-10 

1.6 

36,500 

0-4 

1.6 

33.750 

1-12 

1.6 

35.500 

4-9 

1.5 

6g,000 

1-9 

1.5 

M.ooo 

4-8 

1.6 

56.250 

1-8 

1.6 

51.000 

1-9 

1.6 

68,000 

0-2 

1.6 

^8,000 

1-6 

1.6 

69.750 

e-5 

1.6 

69.500 

c-u 

1.6 

69,000 

A*5 

1.6 

U9.500 

C-3 

1.6 

6q.ooo 

l-u 

1.6 

69,000 

B-h 

1.6 

1*8.500 

M 

1.6 

U8.250 

1*10 

1.6 

66.750 

4i-6 

1.7 

65,000 

»-6 

1.8 

62,500 

S-3 

1.8 

m  — 

1-2 

1.8 

61,500 

3 

1.8 

1.8 

— 

1-8 

1.8 

63,500 

1-3 

1.8 

60,000 

4—3 

1.8 

— 

18. XW 

19,000 

lr,000 

17,200 

95,500 

20,500 

16, goo 

93,000 

18,750 

16,500 

91,500 

Ut$8& 

13,275 

7*.  500 

28.5.30 

31,90c 

IZ'i'.XX* 

27.000 

26.750 

106,500 

27.750 

23,600 

93,000 

27,000 

22,600 

88,000 

■*8,000 

39,050 

121,000 

*6, 000 

36,750 

107.200 
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RELATIONSHIP  BETWEEN  EQUIVALENT  UNIAXIAL  STRESS  (MAXIMUM 
STRESS  DESCRIPTION)  AND  NUMBER  UF  CrOLES  TO 
I  AILURE  IN  HYDRAULIC  FATIGUE  TESTS 
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RELATIONSHIP  BETWEEN  INTERNAL  PRESSURE  AND  CYCLES  TO  FAILURE  AS  INFLUENCED 
BY  WAL'  RATIO  AND  RIFLING  FOR  A,  B,C,  D  AND  I  TUBES 
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RELATIONSHIP  BETWEEN  INTERNAL  PRESSURE  AND  CYCLES  T Q  FAj 

FOR  E.F.G  AND  N  TUBES 
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RELAT10N3HJP  BETWEEN  PR£S*UR£  FACTOR  AND  WALL  RATIO 
FOR  DETERMINING  YIELD  Pl»£ 9SURE  j 001 X  OFF StT)  OF 
CANNON  SECTIONS 
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ON  THE  RELATIONSHIP  OF  EQUIVALENT  UNIAXIAL  STRESS 
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Test  TSqulpmsnt 

Description  of  Foutpment,  Controls  and  Specimens 

The  test  equipment*  initially  used  for  these  hydraulic  fatigue  studies 
has  been  considerably  improved.  It  is  comprised  of  apparatus  to  apply  cyclic 
applications  of  pressure  internally  to  sections  of  cannon  tubes  in  order  to 
produce  mechanical  deterioration  of  the  specimen  similar  to  that  found  in  tubes 
returned  from  service.  The  equipment  now  in  use  to  generate  h*gh  pressure,  to 
measure,  release,  recycle,  and  to  count  the  cycles  is  shown  schematically  in  Pig. 
lk.  In  Pig.  15  are  Photograph*  of  the  control  panel,  the  pressure  lntensifier,  a 
oress  with  a  specimen  mounted  in  place  and  a  solenoid  operated  control  valve, 
fhe  pressure  lntensifier,  cross  and  control  valves  are  set  in  a  olt,  remote  from 
the  control  room,  while  the  low  preesure  pump  is  set  up  in  still  another  room. 

This  arrangement  was  made  to  reduce  the  hazard  to  the  operators.  Since  the 
equipment  and  the  specimen  sometimes  fragment  on  failure,  the  specimen  is 
further  isolated  by  armor  plate  bolted  around  the  press. 

As  indicated  to  the  right  of  Fig.  I1*  the  hydraulic  pressure  is  generated 
in  two  stages;  an  ordinary  commercial  pump  constitutes  the  first,  supnlylng 
oressure  up  to  6,000  psi,  maximum,  to  the  low  side  of  the  lntensifier,  which 
constitutes  the  second  stage.  The  lntensifier  multiplies  the  pump  pressure  by 
the  ratio  of  areas  on  the  two  sides  of  the  high  pressure  piston.  This  ratio 
is  15.  The  maximum  pressure  is  therefore  90,000  psi. 

The  high  pressure  side  is  a  closed  elastic  system,  the  pressure  in  which  is 
controlled  by  means  of  manganic  coils,  which  through  relays,  operate  the  valve  on 
the  low  pressure  side  of  the  lntensifier.  The  pump  runs  continuously  drawing 
water  from  the  reservoir.  When  the  solenoid  valve  is  open,  the  water  is  pumped 
bade  to  the  reservoir  and  the  water  is  drained  from  the  irtsnsifier  to  the 
reservoir.  When  the  valve  is  closed  the  water  is  pumped  into  the  low  pressure 
side  of  the  lntensifier.  The  raangpnin  coils,  when  subjected  to  hydrostatic  pressure 
change  in  resistance  in  direct  proportion  to  the  pressure.  One  coil  is  used 
in  conjunction  with  a  special  direct  current  wheatstone  resistance  bridge  to 
measure  slowly  applied  pressure.  mhe  accuracy  is  well  within  100  psi.  This 
setup  n»kes  it  possible  to  set  accuratelv  the  high  pressure  "knock  off" 
relay  in  the  pressure  indicator  and  controller.  Two  other  manganin  colls 
are  used,  one  in  conjunction  with  the  pressure  indicator  and  controller 
and  the  other  with  the  pressure  recorder  and  controller.  These  instrument* 
are  basically  of  the  *ame  type**.  They  are  AC  bridges  kept  in  null 
balance  at  All  times  by  electronics.  The  relays  in  both  instruments 
are  of  the  brush  contact  type  and  are  actuated  in  the  indicator 

♦Watertown  Arsenal  Laboratsry^Heport  Vo.  "hydraulic  Fatigue 

Tests  of  Rifled  Cannon  Sections"  1  Capt.  D.  H.  Newhall  * 

•♦Developed  by  tbs  Foxboro  Co.,  Foxboro,  Jfass. 


with  ths  displace Asst  ef  the  indies tie*  asedle,  »ad  im  th •  rescrder  v)^  the 
dtsplsstfisat  *f  the  r* martin#  pse.  la  bath  in* truss***  *4ple  r««^  in 
$d£u*t«eut  at  tbs  psiat  af  high  pysemsr*  rvl«»*«  Is  provided,  However,  tb 
pressure  tetioetor  is  oepebi*  #f  *»ure  »ceunt%s  pressure  adjustment  than  tb 
m«r4«?  <s*d  uermllp  d«rl&3  the  fatigue -teet  r* !»***•  the  high  pr# •  itM  If 
act  sating  the  eolenctd  epersted  valve  to  th*  reservoir  a*  the  lav  ureseurs 
•id#,  The  high  presemre  "kaock  off”  on  the  pressure  recorder  bat  •  re 1st lviiy 
•arwr  adjusts#**  beat**#  #f  the  smarter  senlc  leegth  sod,  as  *eM,  is  sift  at 
a  pressure  level  v»ry  slightly  sibber  the*  that  os  th*  India# tor-  la  «««  Ik# 
iudieatsr  foils,  th*  recorder  would  t* k*  sv«r  Us  '’knock  eff*  feast  ten  &ad 
pruvsat  as  ovtr-sfce*  In  pr*s»ar».  A*  ths  high  precsuro  foils  after  **aeck  off" 
aid  appraesbe*  sere  pressure  (teaewhere  ueder  1,000  p*i)  ths  Betax  on  Iks 
p  rear*  re  recorder  tlaaee  ths  solenoid  operated  selvs  starting  s  new  cyele. 

The  sleetriael  circuit#  *r*  ftrr\nf<*d  so  thnt  *  failure  of  povor  la  ths 
ssasurisg  system  will  soon  tbs  lev  preeswrs  vlv*  end  thu*  protect  the  test 
•pen less.  The  t;  else  are  ocmsted  V  *  ms^aetic  counter  which  is  energised 
S*v«h  list#  ths  low  pressure  valve  solenoid  fvecUoos. 


it  is  *  drawing  shewing  the  typical  run  layout  a  ad  the  sped*#* 
used  in  the  study  of  a  asdic*  at  liber  tubs,  After  the  cy  Haters  were  eat 
free  the  gea  tubes  the  rifling  w«  renovsd  frt»  ee#h  end  regie*  in  order  to 
provide  space  fer  the  pauking*.  H tee  the  outside  diauet}**  vet  sect  teed  to  the 
desired  value,  cars  bets*  takes  te  asks  the  euts!*e  coaceatric  with  the  testis, 
the  length  af  the  75»®.  and  test  sections  was  1J?„5*.  the  disaster*  far 

the  various  vail  ratios  sad  the  mil  thicknesses  hated  o«  the  g reeve  disaster 
vers  si  shews  la  the  foil# via#  tabulation! 

TABLS  17 


thll  la  tide  Outside  {aside  Outside  Iklcfcasts,  in. 


lauds  Oraevss 


heads 


!♦* 

*.950 

*•590 

X.23** 

1.3 

1.U 

'  '  2.95* 

2.950 

i.57t 

*•59* 

a.590 

\.*7* 

1.6 

*.990 

2.99* 

*•950 

2.990 

l.T 

i.» 

. 

3-5»* 

3.000 

3.0#0 

3.000 

3.000 

3.000 

3.oao 

Mi6 

3.ooe 

3.0*0 

'‘.TOO 

V«3* 

3.000 

3.0*0 

is. ?«b 

3.000 

3.0«0 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

3.696 

.299 

.30* 

3.6*6 

a.oob 

:S 

b.n* 

*.« 0 

•99* 

.616 

.7T0 

.ra 

.an 

6.921 

.*97 

.9*h 

5.236 

1.07* 

5.5S 

l.23« 

5.5^ 

urn 

fanes  «&  *#r* 

<W  ’  ♦* 

t  ' 

it  vat  fnssd  aeeeesery  %s  see  sure  and  res eri  the  struts  tm  tbs  oat  fids  of 
the  test  spsoluea  es  #e*e9&  syel#  la  order  to  he  sure  that  full  pressure  always 
reached  It,-  %*  pressure  ltae  can  heeoae  plunged  la  such  s  sense r  that  the 
tfUftder  4sS«  set  receive  full  pressure  while  the  oeu trailer  dost,  3*6  atral* 
•*54*  are’  applied  traaeterseir  to  the  enteid*  ef  sv*  --iisdsr  at  5i41w»g%s. 

via- feat  hvark  31b  strain  uessorisi  and  recerdlaf  soul  puts  t  usds  tp  the 
Tojrbero  Ovup*UBp  1*  used*  This  is  Indies  ted  oo  ths  levsr  right  #f  Ti«.  1|» 


APPENDIX  B 


D ASA  SHEETS  GIVING  PERTINENT  METALLURGICAL 


HISTORY  0?  STEEL  JOB  TUBES  A,  B.  C,  D,  E 


1  *  K 


L'iTA  .Hfctl  NO.  I 


1 . ■  t-N T  MLTALLUW  tCAt  IM  5T-;R'-  jF  STfccl 


6HI9EH  A  N  0  MODEL!  T6mI«.  MlAg 


_ VCR! A  L  NUMBER; 


V-E521*  -  A  Tube 


steel  PwooucER:  flhtertovn  Arsenal 


Ht'AT  NUMBERS 


steel  Fieri  i  c  a  to  ;  Mttertovm  Artcnal  method  of  fabrication:  Cent,  Catting _ 

Cowdrey  Machine  Noraalited  at  22009T 
m  a c h i  x |  s c  coatractors  Woyice _ _  Annealed  at  l600°7 

FlAAL  heat  TREATMENT:  (Dl**ENM0«i:  gr  CROSS  5 ECT | Q H X  ,  D.wg.O"  O.D,»8~l/U  to  *£ 


OUCKCH  T{gp4,  JF 


OfUW  TEMP.,  °F 


1255 


tt*C  .)f  POLL),  «A5._ 


_ 7J«F  OF  HOLD,  KPS. 


.6.  **10!U»*  _ , _ ^LSi^,  - 


UEOI'JM 


T.C. 


STRESS  P  EL  I  t  f  T  CMP . ,  cf 


_  TIKE  OF  HOLD,  H«S. 


M  t  01  JK 


colo  work,  i:  6  nowlnal;  S.9  ■**;  4„3  aln;  6,0  are. 
SOAK  TOFF.  »7  570 _ 

CHEMICAL 

OOKPOSITIOW  fi 


.63  '  .30  — 


.52  .0« 


ATOA015  HUKSTSaSi:  kbchawical  propirtixs? 


T(  tic  ST*ES  -.Tp,  PS| 
,Cli  sit  . u  set 


Before  Cold work :  Breech 

Mas tie 


38,750 

88,250 


After  ColdworkJ  Breech  102,500 
Midlength  103,250 
Mottle 


•Range  In  value*  1*  reported, 

W.Ci.  m  Mater  Quench 
?,C,  »  Furnace  Cool 


texsue 

STRENGTH 

PSI 

109,200 

107,750 


62.3 

62.0 


Chappy  • 
»T.  Li. 


11U.650  62.0  16.8-23.7  at  70«y 

122,250  54.0  18,4-Uh.l  at  70*7 

16.4-20,1  at  70*7 
(Breech)  6,6-16.8  at  ~4o®7 
(Midiength)  11.4-15.8  at  -Uo®7 
(Mottle)  lM-15,5  at  -4o°7 


V 


fsf«  N  .  SRC3E-TF.2!} 
V  -  yt  O«t#»o«r  WNN 


DATA  SHEtt  NO,.,  1 
*  «  • 

(  PEPTInCNI  MfcTAUtfafilCAL  HI  STQRV  QF  $TfcEl 

9 All  #ER  AX 0  MODEL!  »..!??£*. - -  SCRUL  HUMBER:  _ Afe26&  a  B  *»»*• 

$TfU  yRotucut  ttitartown  Aratnal  heat  xuima:  **0-26$ _ 

steel  fabricator!  ^fctartowa  AmiiAl  hetkqc  of  fabrication:  Coat.  Oattlnf 

Aarnlad  at  1&Q*J  * - 

*ACHt»iNG  contra cto t»  Oowdrsy  Mtehlaa  Work# 


1 


final  HEAT  TREATMENT: 


(DIMENSIONS  Of 


CROSS  SECTION 


I 


/  / 

,  QUENCH  TEMP.,  Jf _ 

1650 

TINE  Of  NOUl.  HRS.  6 

MtDIUMlL  Q..  . . 

<-  OMAN  TCMP..  °f 

1270 

_  Tt  R  E 

Of  *610.  HRS.  ^ 

MEDIUM 

JTAtSS  RElItT  T £mA.  . 

»» 

_ TINE 

Of  NOLO,  MRS. 

m£0|  Um 

cold  work,  « :  lima . 

JL,9  *la 

:  6,0  »?o. 

■ 

sou  rat.  °i 

570 

.  _5^ 

».o. 

•CHEMICAL  - 

ocKposmi*  $x 

X  M« 

SI  Nl 

cr 

«o  v 

.27  .79 

.28 

1.00 

.51  .08 

1VMA01  fRAKSWnSX 

W6CHA1XCAL  PS0HWI1SI 

t 

TENSILE  reg. 

T1  £10  STRENGTH, 

PSI 

STRENGTH  AREA 

CH  ARP  1  * 

.01*  SET  ,i*  SET 

F  SI  * 

ET.  t?. 

Boforo  Co 14 work :  Brooch 

87,250 

111,900  *7 

Mob si o 

91.250 

— 

112,500  5M 

— 1 

Aftor  Coldvork :  Brooch 

96,000 

112,500  57.3 

55-6?  at  70*T 
37$-66*  **  70»? 

Mldltngth 

99,000 

— 

11^,550  67.0 

Masala 

■<n 

— -  «« 

2*. 7-39. 5  at  70«T 

(Br««oh) 

18^-20  at  -»¥>*? 

(Mtdlaafth) 

20-25  at  -Uo*? 

(Mnssla) 

19. 1-19. at  «hO*F 

• 

3 

t 

IS 

1*4 

| 

1 

• 

it  raportad. 

■ ,  •  w.Q.  m  Vktor  Q»*nch 

f<Q.  *  Fonaaca  Cool 


C  *  T  • 


.  i'L..  NO,  ! 

f’fc'PM-.ENT  MtT/.LLU>-vr  j  C/.L  imST,Rv  -JF  VTLEL 

e  al  i  b  e  h  arc  ho  pc  1 1 _ ?6«».  Hl*2 _ schul  number;  **0-150  -  C  Tub# _ 

stcei  producer:  tettrtown  Artemi  heat  number:  **Q-15Q _ _ 

STEEL  rABftiC*TO>:,i til t-ftHQ  ArttMtl  METHOD  OF  FABRICATION:  Ctat .  Qtttln# _ 

Annttltd  At  1^50*f 

machining  contractor:  Cogdrgg  Mfcchlnt  Work* 

FINAL  heat  TREATMENT:  ( D I  mention?  of  CROSS  SCCHCN  IDw?  (f  filWB.l/U  in  ) 

OUENCH  UMP.,  °r  _ _  _ -liSQ _  _  Tl«£  or  p?io,  hks, _ 6 _ medium 

ORAWTCWP.,  °F  _ ^260 _ _ _ _ _ _  .  Tl«f  or  MOLC,  Hk'S. _ 6 _ pEOItN 

$JAESo  SEUtf  <CMP.t  Jf _ HMt  0  P(‘tO,  phS.  mEDIJN 


t.c. 


Cm  ARM  • 
‘  T  .  10. 


Ul-75  *t  70*? 

12|-19$  at  ~Uo*f 


•a*n**  in  tnlutt  It  rtporttd. 
W.<i.  »  Mnttr  Qaench 
f.C.  *  Twmme*  Cool 


cclo  wo r < ,  « « 

80AI  TSXP.  °f  57Q 

CHEMICAL  .  .. 

COMPOSITION 


iJLi  «in:  5.7 


JSL 


.c 

*n 

SI  M 

Cf 

“0  r 

.29 

.7U 

26  •« 

1.03 

.55  .10 

Aimox  TRiNSTBHSS  HICHAKICAL  P»0P2RTI*8l 

TFXSUE 

RC5. 

uac  st p en 

i’ri,  PM 

5TSlxr,Tl' 

.REA 

,CU  SIT 

. 1*  SET 

Nil 

l 

Btfort  Coldvork: 

Branch 

Mat tit 

83.500 

66,500 

— 

107,200 

109,300 

5«.7 

6M 

Afttr  Coldwork: 

Brttoh 

100,000 

«*«• 

116,750 

55.5 

Mldltnfth 

9*1,500 

— 

110,650 

5^-7 

V,  -  19^  * 


CVTA  J«ttl  NO.  I 


‘  f~  HP1  I ;  t.  MT  MbtAUUnf.ICq  HlSTjRY  OF  STEEL 


6  All  8EH  AND  MODEL: 


?6«l».  K1A2 


serial  number: 


3J-2S12  -  D  Tub* 


STEEL  PKQPUCERt  HstsrtOWtt  Arsenal _ 


HEAT  NUMBER:  _ V-gglg 


«TFfl  fabricator:  HAtertovn  Arsennl  method  of  f  a  q  r  i  ;  a  t  i  o  n  j  _C«nt  ,__C(Mt^n£ 
"  Arm*«l#d  nt  lb*>00?. 

machining  contractor!  Cowdrey  Machine  Work# 


FINAL  HEAT 'TREATMENT: 

{DIMENSIONS 

Of  CROSS  SECTION*. E. 

-2.0"  O.D.-  8-1/**  - 

AjjrwrK  TfMp 

1650 

TIME  OF  HOU>,  N"S. _ _ 

6  ME^fuu  k.9,. 

oaiw  TEMP.'  ®F 

^  v  - — 

1280 

__  _  TIME  OF  HCLO,  NSS. _ 

6  medium  7.C. 

craru  oritirc  rrw 

n«c  . *  hold,  uks.  _ 

MEDIUM  _ _ 

«  l  n  (  ki  ’  V~  *  9  Jrj „  - ■■  ■■ - 

cold  worn,  <t  ft  nominal;  5.9  m*!. 

_b.6  mini  5.2  Art. 

SOAK  TEMP.  °J  _ 

570 

Jzl _  *•.?.•.  . 

‘  ^oSftoSXTIOK  it"  ’* 

.C  M 

M 

Cf  u»  * 

.27  .80  .22 

— 

.97  .52  .095 

AWRAGI  TRABSTEftSB  MECHANICAL  PROFSHTIRSI 

TENSILE 


Before  Coldvork  J  Breech 

YIELD  STRENGTH,  MSI 
.on  SET  .  n  SET 

fc.500  — 

Max tie 

••  250 

After  Coldwork:  Breech 

90,500 

101,250 

Mldlesgth 

99.000 

105,500 

lassie 

— — 

•Bans*  in  mines  i«  reported, 
w.q.  *  liter  Queech 
f,0,  •  far  am  o*  Ceel 
i.fl.  *  Air  Oeol 


strength 

AREA 

CHANPT  • 

mi 

l 

FT.  is. 

107,000 

5.T 

108,900 

59. ^ 

109,900 

62.3 

bO-bo  nt  10°T  Inside 
U3-63  nt  70°F  ®idwnU 

113, foo 

63.2 

3lf^70  nt  70°T  Inside 
Ugl-66  at  70°F  sldwnll 

63-66  nt  70°?  Inside 

(Breech) 

IQ-21  *t-bn»r  inside 

(Kidltnfth)  M-M  inside 

(Hassle)  2^49  at  -bO*?  Inside 

C',ta  .Htti  v:,  t 


l  -  yj  I*-1'* 


f> £P~T !  U f N  v  MtrT/.LUlnf.iCM  i,lST  ;kv  jF  STUIl 

eALIIER  AND  MODEL: _ I5«g.»..H5M _ SERIAL  «UH«£R; - zJLS&S— 


steel  proouccr:  ^tertovn  Artettal _  heat  no'-iser: 


4o-i85 


STEEL  fAflkICATOk:  tt*tertO*n  ArtCPal  METHOD  Of  K  AON  I  C  AT  1  OKI  Cent.  - 

*  ~~  Annealed  at  1700°F 

H  A  CH  f  M { N  C  CONTRACTOR:  Ql^aWObllf  PIT.,  G.K.C. 

FINAL  heat  TREATMENT:  ( C  I  M  [  (*  S  I  0  h  S  Of  CROC*.  SECT  i  0  - —  ^ 


■WENCH  TCMP.,  f 


OAAW  TEMP.  ,  °f 


B-  1190 
M-  12l40 


STRESS  RELIEF  TEMP.,  °» _ 5JQ_ 


TIME  of  NOLO,  MRS. _ b _ «t9IUM —XJt. — _ 

TIMF  f'F  KOLP,  H«S. _ Ji _ »  E  UM lUC. - 

TIME  MCLO,  HXS.  „ _ 5^ _ iitOI-JM  ... 


COLO  WORK,  **.  _ 
SOAK  TEMP.  <>f 
CHEMICAL 
COMPOSITION  If: 

'  i.  Hi 

.26  .84 


AVERAGE  TRANSVERSE  MECHANICAL  PROPERTIES: 


TISSUE 

°a. 

MtEC  STRtHj'K,  PSI 

STRENGTH 

AREA 

Ch  ARP  T  * 

.01*  SET 

•  LLiU 

PSI 

7 

IT.  l~. 

Before  Coldwork :  Brtech 

102,000 

128JOO 

60.1 

62.6-64.9  «t 

70®F 

Hustle 

99,000 

121,900 

64,o 

63.7-65.6  at 

70®? 

After  Coldwork:  Breech 

114,500 

122,000 

12^,000 

6o.O 

55.5-60.9  at 

70°? 

Midlength 

112,500 

120,000 

128,000 

58.0  v 

53.7-59.6  at 

70®? 

Muttle 

114,000 

124,000 

127.750 

6l,0 

56.U-65.6  at 

70°F 

(Breech) 

h7. 5-50.1  at 

-Uo®? 

•Range  In  values  It  reported. 

W.$.  «  litter  $&e»ch 
F.C.  *  Furnace  Oool 


I  ■■ 


••r 


r  -  <fr  $frG$f,»7r«»?U 

l  -  y,  c*»c#*i>or  19 


LV.TA  J'tnl  NO.  1 

fin  .ENT  MtUlLi  rGlCAL  I»1ST.,R*  OF  «_TfcEL 


GALISER  AND  MOOEU _ 75«m.  _  5t«UL  NOmiIEm: _ 391  -  F  Tube 

STEEL  producer:  ^tartown  Arsenal  m£aT  N(J.utR. _ ^K-1391  _ 


STEEL  f  a  b  a  1  CATQio^t^^town  Arsenal  method  tf  f  a  uw  1  c  -T  i  0  n:  Cent.  Casting 

Annealed  at  io50°F 

MACHINING  CONTRACTOfftQldgaoblle  D}r.  .  C.M.C. 

final  heat  treatment*  (dimension:  of  cross  section  I.t>.*2-£"  O.D.»5jf  -  hi* _ } 


OUENCH  TEMP.,  Jr 

1650 

C 

tire  or  m  01  .■.  n^s. 

W  Q 

MEDIUM 

ORAW  TEMP.,  °F 

11  hO 

TIME  r'f  XCIP.  Hi'S.  ^ 

mECIum  B.C. 

STRESS  A  EL  1  fF  TEMP., 

S  570 

II  M  E  H  ('LO,  CHS.  5i 

m  e  01  or  F.C, 

cold  work.  i:  2^  nominal;  2.8 

max;  1.7  min}  2.3  a ve. 

SOAK  TEMP.  of 

570 . 

5* 

F.C. 

.  CHEMICAL 

COMPOSITION  %: 

S.  .2 

.33  .85 

SI  H 

.26 

Cr  w0  v 

1.80  M  .11 

A7BR1G5  TRANSVERSE 

ySCHANICAL  PROPERTIES* 

TfsSIlJ  ‘Ij, 

TIELC  STNENi’M,  P‘l  ST*  E  fj  T  *  ARtt 

.OH  SET  .  u  SET  f  Si  ; 

CM  ARP  1* 

IT.  L?. 

Before  Coldvork:  Breech 

Mussle 

118,750 

125,000 

15b, 000  Ug.u 
156,000  U6.1 

32.2-37.0  at 
39.l~39.9at 

70°F 

70°F 

After  Coldwork :  Breech 
Midlength 
Mussle 

136,250 

137,500 

l^o.ooo 

l^fi.OOO  160,250  1:3.9 

150,500  160,750  1:0.6 

15!*  ,000  167,500  1:7.2 

(Breech) 

30.3-31.li  at 
3?. 2-32. 6  at 
3b. 6-35.0  at 
lli.2-l6.il  at 

70®F  , 
70°F  ( 
70°F  ’ 
-liO°F  | 

•l&tnge  in  values  is  reported. 

;*»*<&•  *  yA«ui 

F.C.  *  Furnace  Cool 


•  N  ,  s*0.'r~i'-?u 
l  -  y.j  o<-tt*p  **  1 9 ** ** 


COA  >nfc-l  NO,  J 


r'hP~’l..bNT  McULU^MCU  I't  ST  ,hs  „F  STfcEL 


GAL!  9  E  R  AND  H00£Lt _ 75»a>  M5A1 


STEEL  PRODUCER: 
steel  fapsicator:  Ifetertown  Arsenal 
machining  contractor:  Oldeaobils  Dlv., 

FINAL  H  £  AT  TN[jTM£NTi  (  C  I  M  t  N  '■  I  0  N  5  of 


serial  Uo~pbq  -  ft  Tab* _ 

h  c  A  T  NUMBER: _ ^Q~gQ9 _ _ 

ME r HOD  OF  KAj»k|CATIOhi  Cent.  Getting  t 

Annealed  et  I65O0?  \ 

o.m.c. 

c  RO  s  sums  L^gfc.  Q,D,*5l  -^-lA*  .  / 


S'AENCH  TEMP.,  'V 

1650 

TIME  of  p  'I'l, 

"AS. 

^  .MEDIUM 

V.Q. 

0M»W  T  £up. ,  °t 

1050 

TIME  "f  MOtC, 

HNS.  _ 

6  M  E  01  'JM 

• 

0 

STRESS  RELI  t f  TEMP.,  U» 

570 

TIME  u  '  MOLD, 

>mS.  _ 

5^.  MEDIUM 

r.  c. 

COLO  WORK.  »:  2^  nominal ;  1.5  mrA  .75  min;  1.1  eve. 

SOAK  TSMP.  °T  570  _  _ 5l  y.C. 

CHEMICAL 
COMPOSITION  f>i 


c 

St  M 

c  • 

Mo  T 

.33 

.83 

.30 

1.76 

M  ,115 

AvmOE  TRANSVERSE 

HSCHAFICAL 

PROPERTIES  J 

TEN  SUE 

REJ. 

Tl  ELL  SI  a  Es  .Tm,  p  S 1 

ST»EN.jTP 

AREA 

CkaRpt* 

.Olt  Sf.T 

. iS  SET 

P  St 

5 

IT.  L*. 

Bef  ore  Coldwork : 

Breech 

153,750 

— 

196", 000 

35^ 

17.^17.8  at  70°? 

Muzzle 

152,500 

-- 

100,000 

29. *» 

17.9-17.9  at  70°F 

Muzzle1 

P8.750 

— 

187,500 

26.5 

26.2-27.7  at  7 0*F 

After  Coldwork: 

Breech 

166J50 

165,000 

106,750  33.8 

12. MM  «t  70 

Midlength 

167.500 

183,750 

196,500 

30.5 

1 3 . b~l U . 5  at  70°F 

Hustle 

177,500 

1^3,750 

199.500 

3h.U 

13.6-13.6  at  70*? 

(Breech)  5*3-  8.3  *t  -1*>0F 
arms*  (Midlength)  U.6-  6.3  at  -hO°r 

(Hustle)  7*2-  5.3  -**0°? 

•Range  In  values  is  reported. 

1.  After  raaximus)  discard.  Original  discard  nay  he  insufficient  and 

data  are  not  as  represents  tire  of  metal  as  are  those  fr ora  crasr'le  end 
where  maximum  discard  was  taken.  With  Uli»  additional  discard  at  raustle, 
there  wa«  no  aopreelahl »  change  in  strength  or  impact  resistance,  hut 
reduction  in  area  was  2*)$* 


V.Q.  *  Mater  Quench 
f.u.  »  Faroaee  Cool 


t  T-  1  .  S*r  t  -  ’  ‘  -  .  O 

-  )  C  ■* 


i,T A  . Hi-’’  J 

“KPIUEHT  MtT^U.U-t'.lC^L  >M  ST.,R*  jf  _  tTtiEL 
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"  Crack  3f*tea 

->  * 

Data  pertaining  to  the  number  of  cycle*  for  failure  and  to  factors 
affecting  this  number  bare  been  discussed  In  the  main  body  of  the  report. 

These  data  were  used  for  establishing  a  design  procedure  based  on  end  of 
life.  In  this  appendix  is  given  an  evaluation  of  the  condition  of  various 
cylinders  at  the  end  of  the  hydraulic  fatigue  test.  The  crack:  system  is 
described  in  detail,  especially  that  existing  in  the  low  strength  (A,^,C,D) 
tubes.  Also,  similarities  between  results  of  service  firing  tests  and 
laboratory  tests  are  indicated. 

The  procedure  used  in  studying  the  crack  system  of  these  cylinders 
including  one  or  more,  but  not  necessarily  all  of  the  following  steps :  _ 

(l)  examination  of  the  fi*3ur.e,  (Z)  study  of  the  surface  of  the  fracture,,  and 
(3).  measurement  of  the  cracks  on  a  disc  cut  from  the  cylinder  or  pieces  of  the 
cylinder  normal  to  the  axis  and  at  the  region  of  maximum  ^regressive  stress-damage. 
The  disc  was  surface  ground  and  nacroetchea  in  order  to  reveal  clearly  the  cracks. 
The  disc  ttot  was  cut  may  at  times  be  made  up  of  as;  many  as  three  pieces  because 
the  cylinder  wai  frequently  cut  longitudinally  on  a  plane  normal  to  the  radial 
plane  of  the  fissure  and  the  half  with  the  fissure  was  then  split  open  in  order 
to  see  the  fracture. 

The  cracks  in  the  maeroetched  disc  are  known  as  the  "remaining  cracks". 

This  is  because  the  failure  occurs  at  a  crack  which  penetrates  the  full  thick¬ 
ness  of  the  cylinder.  This  crack  usually  was  not  virlble  as  such  in  many  of 


the  aacroetehed  pieces  of  discs  because  one  aide  of  the  crack  formed  one 
of  the  edges  of  the  pieces  making  np  the  disc.  Knowledge  about  the 

l 

distribution  of  the  remaining  cracks  and  the  depths  to  which  the  cracks 
grow  helps  in  establishing  the  correlation  between  service  and  laboratory 
tests. 

The- fissure  in  the  failed  cylinders  revealed  features  about  the  relative 

ductile  behavior  of  the  metal  under  the  test. conditions.  In  some  eases 

■** 

considerable  distortion  of  the  metal  with  extensive  bulging  of  the  cylinder  - 
occurred.  In  other  oases  there  was  lest  distortion  with  little  bulging. 

Sometimes  the  fracture  extended  almost  the  full  length  of  the  cylinder  and  at 
other  times  only  a  minute  fissure  appeared  on  the  'Outside. 

The  surface  of  the  fracture  revealed  the  occurrence  of  several  sonee. 

Limiting. inspection  to  the  fracture  which  caused  final  failure,  there  could 

*  .  '  *  *  _ 

be  seen  adjacent  to  the  bore  in  Zone  on*  a  region  of  fine  texture.  This 
texture  roughened  as  the  first  zone  blended  with* the  sooend  tone  indicating 
that  less  rubbing  of  the  sidewalls  had  occurred  during  the  hydraulic  fatigue 
test.  At  the  base  of  the  second  tone  it  is  considered  that  the  cylinder  had 
yielded  appreciably  and  the  direction  of  the  crack  started  to  change  and 
became  radial.  The  base  of  the  next  or  third  sone  is  the  -point  where  the  change 
in  direction  of  crack  was  completed  and  the  direction  of  the  crack  beeame  radial. 
The  crack  continued  to  propagate  radially  throughout  this  next  or  fourth  sone 
with  the  metal  tearing  apart  and  leaving  a  coarse  texture  on  the  fracture  until 

failure  in  shear  occurred;  The  region  of  .shear  is  the  fifth  cone.  The  crack 

*  »  , 

penetrated  the  full  thickness  of  the  cylinder  which  had  bulged  and  therefore 


thinned,  especially  at  the  region  of  maximum  damage-.  The  thickness  of-  the  will 
■at  the  point  of  maximum  progressive  stress-damage  was  auwisured.  The  fit# 

V  I 

* 

measurement*  that  were  mde  are  as  follows 

Zone  1  -  D*,pth  from  "bore  to  base  of  first  none  -  or  tone  of  fine  texture 

Zone  2  -  Depth  from  bore  to  base  of  second  sons  where  direction  of  crack 

started  to  change 

Zone  3  -  Depth  from  bore  to  base  of  third  sone  where  crack  became  radial 

Zone  4  -  Depth  from  bore  to  base  of  fourth  tone- or- to  point  of  shear 

i 

Zone  5  -  Depth  from  bora  to  base  of  fifth  tone  or  thickness  of  wall  after  teet. 

RS  STILTS  AND  DISCUSSIOH 

*  • 

(A, B,C,D  and  Cylinders  Jbm.  Caliber) 

% 

Cylinder  C9  after  failure  is  shown  in  Jig.  1?.  This  cylinder  had  a  wall  ratio 
of  1.4  and  a  wall  thickness  of  .6lo".  The  fissure  was  located  at  about  U  o’clock. 

'  Distortion  of  the  cylinder  was  apparent  and  the  increase  in  outside  diameter  was 

* 

0.152".  Plastic  deformation  associated  with  the  rifling  was  evident  around  the 
whole  outside  circumference  a#  indicated  by  the  arrows  in  .the  picture.  The 
cylinder  behaved  in  a  uniform  manner  and  the  appearance  of  others  was  similar. 

-  Tha  bora  surface  ic  shown  in  Jig.  IS.  It  revealed  that  the  distortion  caused 
widening  of, cracks,  all  of  which  followed  the  groove  fillet*.  The  three  piece* 
of  the  raacroetched-  disc  revealed  that  crscks  existed  at  each  of  the  groove 
fillets.  Examination  of  the  bore  surface  of  this  macroetched  disc  was  necessary 
to  detect  some  of  ths  cracks.  In  Jig.  19;  which  is  an  enlarged  photograph  of  the 

jvicrbetched  disc,  definitely  measurable  cracks  can  be  seen  it  most  of  th#  fillets.- 

•  * 

All  of  the  deep  cracks  were  wide,  conforming  with  the  distortion  seen  around 
the  outside  of  the  cylinder.  The  fissure  occurred  when  th#  crack  separating 
the  two  pieces  shown  at  the  bottom  of  Jig.  19  penetrated  to  the  outside  suface. 
final  failure  was  in  shear  with  extensive  distortion  of  the  metal.  The  distance 


from,  the  bore  surface  to  t4e  .joint  of  shear  was  0.42  inch.  The  thickness  of 
the  cylinder  at  the  point  of  fissure  was  0.5  inch  ao  that  the  wall  thickness 
was  thinned  by  about  0.1  inch.  The  maximum  depth  of  the  “remaining  cracks", 
was  0.135  ^nch. '  Further  reference  will  be  made  later  to  the  depth  to  point 

of  shear  and  to  the  maximum  depth  of  the  "remaining  cracks", 

* 

The  tendency  of  the  cracks  to  slope  under  the  grooves  is  also  shown  in* 

Fig.’  19.  This  was  a  characteristic  in  all  "coldworked  tubes  made-  of  low  strength 

*  « ’ 

steel.  However,  the  thinner  the  tube,  the  less  was  this tendency.  The  ranges  in 

angle  between  the  radius  and  the  axis  of  the  crack  were:  0  to  l4°,  9  to  22°; 

10  to  25°»  and  13  to  3*l°  for  cylinders  of  1.2,  1.4,  1.6  and  1.8  wall  ratios, 

%  m 

respectively  from  the  A,  B,  C  and  D  tubes,  In  thick-wall  cylinders  it  was 
especially  apparent  that  the  average  angle  also  tsnded  to  increase  a*  the 
internal  pressure  increased.  The  tren^l  was  not  uniform  in;  thin'  wall  tubes. 

The  average  angles  were  as  follows* 


■  Average  Angle  Between 
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1.8 
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10 
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10 

-Bart-  of  the  fractured  surface  of  Cylinder  69  after  the  crack  which  caueed 
•failxire  was  opened,  up  Is  shown  in  Fig.  20.  The  bright  and  dark  irregular  areas 


over  meet  of  the  fracture  in  the  lower  part  of  the  figure  were  formed  when  the 

?  - 

specimen  was  bent  to  open  up  the  crack.  The  bright  areas  were  crystalline  aud 
reflect  incomplete  hardening  of  the  steel  on  the  quench.  These  irregular  areas 


have  no  hearing  on  progressive  stress-damage.  The  places  where  the  fissuring 

a 

occurred  during  the  hydraulic  fatigue  test  are  at  the  top  of  the  figure  and  along 

the  bore  edge;  at  these  locations,  indicated  by  arrows,  can  he  seen  the  progressive 

stress-damage  tones  starting  at  the  four  groove  fillets  which  are  visible. 

Maximum  depths  of  such  tones  are  seen  toward  the  top  or  the  picture. 

The.  extreme  conditions  in  appearance  of  fissures  are  'shown  in  Tigs-,  21 

and  22.  In  general,  the  latter  is  considered,  a  more  ductile  type  of  break 

than  the  former,  k  sketch  of  the  appearance  of  the  fissures  in  cylinders  is 

shown  in  Pig.  23.  The  more  ductile  appearance ‘was  obtained  when  the  wall  ratio 

tended  to  be:  large,  the  internal  pressure  low,  and  when  the  steel  had  high  Impact 

# 

resistance.  In  attempting  to  measure  the  ductility,  nonuniform  results  were 


obtained.  It  was  apparent  that  the  measurement  of  the  change  in  diameter  was- a 
more  sensitive  method  than  measuring  the  thickness  of  the  wall  at  the  point  of 
fissure  in  evaluating  ductility. 

Although  the  room  temperature  impact  resistance  of  the  steels  in  the  A,  B, 

C  and.  D  tubes  ranged  from  1 6  to  75  ft-lbs  no  measurable  effect  of  toughness  in 
this  range  was  apparent  on  the  life  .of  the  cylinder.  It  has  been  previously  reported 
that  for  heat-treated-to-strength  forgings  in  the  range  of  11  to  2b  ft-lbs  impact 
resistance  at  yield  strength  leyels  of  150,000  to  163,000  psi,  better  life  was 
definitely  obtained  at  high  impact  levels,  than  at  low  impact  levels.-  At  low 
yield  strength  levels  tne  importance  of  toughness  as  measured  by  impact  resistance 
wa,s  not  evident  upon  life-,,  but  was  definitely  evident  upon  the  tendency  to  fall 
brlttlely.  Prior  experience  also  revealed  that  with  brittle  steel  in  heat-treated- 
to-strength  cylinders  the  larger  the  wall  ratio,  the  greater  was  the  tendency  to 
brittle,  failure  ;  also  the*  smaller  the  wall  ratio,  the  greater  was  the  frequency 
for  occurrence  of  ductile  failures.  It  may  be  that  at  the  yield  strength  levels 
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>of  the  steeie  of  the  A,  B,  C  and  D  tubes  the  favorable  residual  stress  system 
In  coldworked  tubes  Is  counteracting  the  detrimental  effect  revealed,  by  poor 
toughness. 

She  poor  macrostructure  evident  In  Fig.  19  had  no  measurable  effect  on 
progressive  stress  damage.  It  did  have  another  effect,  however;  namely,  favoring 
the  formation  of  tears  on  the  outside  of  the  cylinders  toward  the  end- of  test  when 
bulgixg  occurred.  These  tears  were  not  generally  affected  by  the  cracks  starting 
at  the  bore  surface,  as  shown  in  Fig.  24. 

One  of  the  minor  effects  of  segregations  causing  this  poof  macrostructure 
was  the  occasional  local  influence  on  the  direction  of  the  growth  Of  the  crack. 
Inclusions  likewise  have  a  similar  minor  effect.  When  such* defects  occurred  at 
the  bore  surface  within  the  groove,  the  early  formation  of  a  crack  was  favored. 
However,  such  cracks  are  considered  to  have  spread  quickly  to  the  groove  fillet 
and  to  have  become  part  of  the  predominant  crack  system  at  the  fillet  without 
any  measurable  effect  bn  life. 

Depth  of  Cracks 

The  test  of  blinder  C12  was  stopped  after  some  20,322  cycles  without  any 
evidence  of  failure  being  imminent.  On  the  nacroetched  disc  from  midsection, 
cracks  were  observed;  the  greatest  depth  was  0.025  inch. 

The  test  of  Cylinder  Cll  was  stopped  when  failure  was  imminent  but  when 
full  pressure  w*s_ still  being  withstood.  The  outside  of  the  cylinder  it  shown 
in  Fig.  25.  The  distortion  where  fissuring  would  soon  occur  is  evident.  This 
spot  is  indicated  by  the  arrow  in  the  picture.  The  mcroetched  section  at  this 
spot  is  shown  in  Fig.  26.  The  deep  crack  at  the  top  of  the  figure  had 
propagated  almost  30^  of  the  *eil  thickness.  The  depth  of  the  crack  was  .22  inch. 
The  distortion  on  the  out- side  edge-  of  the  cylinder-  oprm*tta  the  root  of.  this 


crack  la  discernible 


The-  depths,  of  the  various  sones  on  most  of  the  fractures  in  the 
cylinders  from  the  A',  -8,  C  arid  D  tubes  are  listed  in  Table  II.  The  zones 

whichu  were  most  easily  Identified  were  Zones  h  and  5.  Zone  1  was  the  next 

*  * 

easiest  but  its  junction  with  Zone  2  was  nonuniform.  The  limits  of  the  zones 
were,  iri  general,  yery  difficult  to  identify  and  to,  measure.  Poor  reducibility 
was  exoerienced. 

The  depth  to  the  ooint  of  shear  as  influenced  by  internal  pressure  is 

shown  in  Pig.  27.  The  depth  of  crack  (or  depth  to  point  of  shear)  at  which 

the  cylinder  would  fail  decreases  as  the  internal  pressure  increased.  The 
12 

relationship  between  internal  pressure,  depth  of  crack  for  failure  and  wall 
ratio  which  has  been  worked  out  for  brittle  material^  was  not  found  to  be 
adequate  With  these  cylinders  which  behaved  essentially  In  a  ductile  manner  and 
also  had  a  residual  stress  system.  The  cylinders  without  any  cracks  would 
rupture  when  subjected  to  the  maximum  internal  pressure  calculated  by  means 
of  the  bursting  pressure  factor.  The  bursting  pressure  factor  developed  for 
ductile  metal  by  BlAir^^  was  simple  to  use  end  was  found  to  be  accurate  when 
gun  sections  with  wall  ratios  up  to  2  were  tested.  At  the  other  extreme  when 
the  crack  existed  completely  through  the  wall  thickness,  no  pressure  would  be 
required  to  rupture  the  cylinder.  The  pressure  required  to  rupture  the 
cylinder  when  a  crack  extended  part  way  through  the  wall  thickness  was  cal¬ 
culated  by  assuming  that  the  relationship  between  internal  pressure  and  depth 
to  point  of  shear  would  be  represented  by  the  equation  for  an  ellipse.  An 

12;  "Stresses  in  Thick  >**11  Cylinders"  -  Sixth  International  Congress  for 
Applied  Mechanics,  I9b6;  R.  Beeuwkes,  WAL  Report  No.  73CAl9. 

13,  "Theory  of  Elasticity ",  McGraW  Hill  Book  Co.,  193*!,  p.  'l-W*',  By!  3.  Timoshenko 
1U.  "Letter",  By:  J.  S.  Blair:  ENGINEERING,  7.159,  January -June  19*'5,  p..  356 
. -  and.  iTbe  Strength  cf  Th Ick  HolTow  Cylinders  under  Internal  Pressure", 

By:  Gilbert  Cook  and  Andrew  Robert son,  ENGINEERING,  7.  1911,  p„  7^6 


equation  xis  developed  involving  the  tensile  strength  (ta)  of  the  steel 

before  coldvork,  the  internal  nressure  (IP),  the  inside  diameter  (id)  and 

wall  ratio  (W)  of  the  cylinders  and  the  depth  to  point  of  shear  (a),  as  follows! 

- ts~"  \/(ts)2  (W^-l)2  -(IP)2  (l..5-f\H0.5wW)  ....  (1) 

.  .  xh 

If  the  bursting  pressure  factor  (bpf)  as  developed  by  Blair  is  used,  namely, 
w2  1 

bpf  *  . ■  ,1  then 


1.5  ♦  H  +  0.5V/-5  + 


iquat ion  (2)  is  in  a  form  which  is  more  generally  applicable  than  is  Equation 
(l)  because  Internal  pressure  is< expressed  as  a  fraction  of  tensile  strength 
and  depth  of  crack  as  a  fraction  of  internal  diameter.  The  curves  of  Equation  (l) 
for  various  wall  ratiosars  shown  in  Fig.  27  and  that  of  Equation  (2)  is  shown  in 
Fig.  28.  In  Fig.  27  data  for  the  A,  B,  C  and  D  cylinders  are  shown,  and  in 
Fig  28  those  for  the  K  cylinder,*,  to  be  mentioned  later,  are  shown.  The 
observed  data  at  the  smaller  wall  ratios  are  consistent  with  the  curves,  but 
as  the  wall  ratio  increases  above  1.8,  the  curves  tend  to  be  conservative.  This 
may  indicate  the  limitations  of  the  empirical  approach,  although  the  scatter, 
in  general,  it  large  and.  the  data  are  few  in  this  region.  The  data  as  a  whole 
are  considered  to  respond  quite  well  to  this  treatment  which  is  helpful  in  the 
analysis  of  the  crack  system. 

The  depths  of  the  various  rones  in  the  fracture  at  which  final  failure 
occurred  tended  to  decrease  with  increase  in  internal  ore • sure as  seen  from  a 
survey  of  the  data  in  Table  II.  Zone  i  is  coni red  to  b?.  ths  depth  tc  which 
the  crack  grew  before  bulging  of  the  cylinder  started  and  the  sidewall*  no  longer 
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rubbed  together.  The  bate  of  the  other  ionee  mark  locations  where  changes 
occurred  in  the  direction  of  the  stress  gradient  as  the  crack  propagated. 

The  maximum  depth  of  the  remining  cracks  decreased  with  increase  in 
internal  pressure.  The  regaining  cracks  were  alwnvs  appreciably  smaller  than 
the  depth  to  ooint  of  shear.  *Thia  indicates  that  if  ewer  any  field  tests  are 
undertaken  to  locate  and  determine  the  depth  of  cracks  in  cannon  in  order  to 
evaluate  the  safety  of  the  weapon,  complete  coverage  of  the  bore  must  be  made 
In  order  to  find  the  single  potentially  dangerous  deep  crack  even  though 
several  cracks  any  be  found  in  the  neighborhood. 

1,  ?.  0  and  K  Cylinders 

The  crack  eystems  were  partially  examined  only  in  Cylinders  T?5,  75  and  05, 
these  being  taken  as  representative  of  the  csntrifugally  cast  coldworked  high- 
strength  tubes.  Failure  in  aach  case  was  of  the  ductile  type.  In  Cylinders 
F5  and  15  the  cracks  sloped  under  the  grooves,  although  the  tendency  was  lees 
oronounced  in  the  case  of  F5  (121,850  p»i  yield  strength)  than  in  75  (inr),500  psi, 
yield  strength),  but  in  Cylinder  05  (151,700  psi,  vield  strength)  the  cracks 
were  essentially  radial. 

The  relationship  between  depth  to  point  of  shear  and  pressure  for  the 
cylinders  from  the  I  tube  is  indicated  in  Fig.  28.  The  behavior  is  consistent 
with  the  discussion  already  presented  pertaining  to  Fig.  27. 

If  Cylinders 

The  cylinders  from  the  heat- treated- to- strength  centrifugally  cast  tube  "If" 
failed  in  a  brittle  manner  when  the  wall  ratio  was  1.57  or  larger  but  in  a  ductile 
manner  when  the  wall  ratio  was  1.2.  This  is  consistent  with  the  behavior  of 
heat-treated-to-strength  forgings.  However,  even  in  the  brittle  type  of  break 
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there  wne  a.  very  United  region  of  shear.  The  toughness  of  steel  "If* 
was  similar  to  that  of  steel  "G."  and  was  not  even  as  good  as  that  of  aa?iv 
forgings  which  hare  been  used  in  this  application. 

Safe  Deoth  of  Cracks 

The  examination  of  the  crack  system  in  cylinders  which  were  taken  out 
of  test  before  failure  and  even  when  flssurlng  was  imminent  Indicated  that 
cracks  are  present  in  the  specimen  early  in  the  life  of  the  cylinder  and  that 
final  failure  on  the  last  cycle  is  by  shear  from  the  root  of  the  existing 
deep  crack  and  not  by  marked  radial  growth  of  a  shallow  crack  prior  to  shear. 

The  trend  is  for  the  deoth  of  the  crack  to  ths  point  of  shear  to  increase  with 
decrease  in  test  pressure.  As  the  test  pressure  decreases  the  number 
of  relatively  deep  cracks  detected  on  the  macroetched  cross-section  of  the 
cylinder  tends  to  decrease  and  the  deoth  of  the  remaining  cracks  tends  to 
increase.  However,  the  trend  is  not  uniform  and  ths  behavior  of  cylinders  such 
as  Oil  indicates  that  as  the  pressure  decreases  further  and  approaches  the 
endurance  limit  pressure  of  the  cylinder,  the  conditions  favorable  for  ths 
oreferential  growth  of  one  crack  improves,  and  the  deeper  this  one  ormek  grows 
relative  to  the  others  before  final  failure.  At  and  below  the  endurance  limit 
oressurc  no  crack  will  form  and  grow  under  test  conditions  such  as  these.  The 
examination  of  cannon  after  service  reveals  that  many  cracks  grow  Indicating 
again  that  the  test  conditions  used  in  this  investigation  have  parallel  effects 
in  service  when  the  test  pressure  is  relatively  high  and  that  in  service  the 
rated  maximum  powder  pressure  im  conventionally  designed  guns  is  much  higher  than 
the  endurance  limit  pressure. 

The  data  on  Tig.  3  indiomte  that  the  strain  on  the  outside  of  the  cylinder 
increases  aopreclably  toward  the  end  of  life.  This  has  also  been  observed  in 
tiring  tests.  The  time  in  the  life  of  the  cylinder  at  which  this  strain  increases 
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trapldly  Appear*  to  be  about  60  to  70  percent  of  the  life  of  the  cylinder, 
probably  at  the  time  wh«n  the  rate  of  growth  of  crack  begins  to  be  dangerously 
mold,  but  slight  permanent  change  has  been  observed  much  earlier  that  60  percent 
of  life.  Vyami nation  of  the  fracture  is  taken  to  indicate  that  the  depth  at  which 
the  growth  is  rcold  is  at  the  deoth  of  Zone  2.  '’’he  depth  of  Zon?  ?  is  there¬ 

fore  temporarily  considered  to  be  the  safe-  deoth  to  which  cracks  may  be 
permitted  to  grow  in  service  beforp  the  gun  tube  be  taken  out  of  service 
because  of  progressive  stress  damage,  ^he  problem  of  detecting  this  depth  in 
the  field  is  not  yet  solved. 

The  tendency  for  cracks  to  slope  under  the  erooves  in  coldworked-to-strength 
gun  tube ^  has  been  observed  in  cannon  taken  from  service.  This  is  especially 
so  in  the  region  of  the  jsutzle.  The  tendency  at  the  origin  of  riflir.2  is  for  the 
cracks  to  propagate  under  the  lands.  This  indicates  that  the  stress  conditions  in 
this  region  are  different  from  those  in  the  test  as  would  be  evoected  because  of 
engraving  stresses* 

The  tendency  for  cracks  to  grow  under  the  grooves  in  coldworked-to-strenrth 
tubes  differs  from  their  behavior  in  hsiat-tr’eated-to-strength  tubes.  In  this 
case  the  cracks  remain  radial.  Similar  behavior  has  been  observed  in  cannon 
taken  from  service  although  ir.  some  weapons  when  the  stress  system  is  different 
the  cracks  propagate  under  the  lands.  <Tbe  behavior  can  not  be  predicted  based 
on  consideration  of  gun  tube  design  alone,  but  must  include  consideration  of 
the  mutual  effect  -of. design  of  rotating  band  and  of  rifling. 
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